(3x  HBBIS 
wwimmis 


The  University  of  Alberta 
Printing  Department 
Edmonton,  Alberta 


Digitized  by  the  Internet  Archive 
in  2019  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/Pace1975 


THE  UNIVERSITY  OF  ALBERTA 


RELEASE  FORM 


NAME  OF  AUTHOR  .  T??Y  .  ? ??? . . . . 

TITLE  OF  THES  IS  .  ^ .  ^YY^Y  .  9*  £  .  4^3?  .  Y  YY .  .  . 

Brominations  of  Alkanes  and  Electro- 

negatively  Substituted  Alkanes 

DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED  .  ?*?  .*  . 

1975 

YEAR  THIS  DEGREE  GRANTED  .7... . . . . 


Permission  is  hereby  granted  to  THE  UNIVERSITY  OF 
ALBERTA  LIBRARY  to  reproduce  single  copies  of  this 
thesis  and  to  lend  or  sell  such  copies  for  private,, 
scholarly  or  scientific  research  purposes  only. 

The  author  reserves  other  publication  rights ,  and 
neither  the  thesis  nor  extensive  extracts  from  it  may 
be  printed  or  otherwise  reproduced  without  the  author's 
written  permission.  A  ^ 


THE  UNIVERSITY  OF  ALBERTA 


A  STUDY  OF  THE  VAPOUR  AND  LIQUID  PHASE  BROMINATIONS  OF 
ALKANES  AND  ELECTRONEGATIVELY  SUBSTITUTED  ALKANES 

by 

TONY  PACE 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 

OF 

DOCTOR  OF  PHILOSOPHY 


DEPARTMENT  OF  CHEMISTRY 


EDMONTON,  ALBERTA 


FALL,  1975 


^5  f  -  [o  ' 6 


THE  UNIVERSITY  OF  ALBERTA 
FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  ready  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research, 
for  acceptance,  a  thesis  entitled  . .^.?tudy #pf . the . yappur c 


and#LiguidePhase<>Br9minati9ns.9feAlkanes.and.Electr97 


negatively  c Substituted s Alkanes . . . . . . . . . . . . . . . ......... 

© 

submitted  by  .T99Y .?999 .................  •  •  ••  * . . 

in  partial  fulfilment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy. 


TO  CARMEN 


whose  understanding,  support,  sacrifice 
and  love  made  the  time  spent  on  this  work 
a  lot  more  pleasant  and  meaningful. 


iv 


ABSTRACT 


A  general  method  for  the  evaluation  of  the 
kinetics  of  the  vapour  phase  photobromination  of  alkanes 
and  substituted  alkanes  was  developed  in  order  to  obtain 
reliable  values  for  the  relative  rates  of  abstraction  by 
bromine  atoms  from  these  compounds  ,  and  to  determine  the 
relative  rates  of  transfer  of  the  alkyl  radicals  with 
bromine  and  with  hydrogen  bromide.  The  vapour  phase  bromi- 
nation  of  a  perdeuterated  substrate  was  run  in  the  presence 
of  excess  molecular  bromine  and  excess  hydrogen  bromide. 
From  a  study  of  the  brominated  and  protiated  products 
formed,  the  relative  rates  of  abstraction  and  of  transfer 
were  determined.  The  method  was  applied  to  the  bromination 
of  perdeuteriocy clohexane  (a  model  for  alkanes) ,  per— 
deuterio-l-chlorobut ane  (a  model  for  electronegatively  sub- 
stituted  alkanes)  and  perdeuterio- 1- bromobutane  (a  model 
for  bromo alkanes) .  The  kinetic  data  obtained  from  the 
perdeuterated  substrates  was  found  to  describe  very  well 
the  bromination  of  the  natural,  protiated  compounds,  show¬ 
ing  that  deuterium  kinetic  isotope  effects  were  not 
important  in  the  relative  rates  that  were  determined. 

Transfer  with  hydrogen  bromide  occurs  most 
readily  .in  the  bromination  of  perdeuteriocyclohexane ,  as 
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expected,  since  polar  effects  deactivate  this  reaction  in 
the  bromination  of  electronegatively  substituted  alkanes. 
This  polar  deactivation  falls  off  as  the  distance  of  the 
radical  centre  involved  from  the  substituent  increases  in 
the  bromination  of  perdeuterio-l-chlorobutane . 

The  relative  rates  of  bromination  of  cyclohexane 
and  perdeuteriocyclohexane ,  and  the  relative  rates  of 
abstraction  of  the  different  hydrogens  of  1-chlorobutane 
by  bromine  atoms  were  found  to  be  the  same  in  the  vapour 
phase  reaction  run  with  minimal  interference  from  the 
reversal  reaction,  and  in  liquid  bromine  solvent.  This 
was  taken  as  evidence  that  liquid  bromine  can  scavenge  all 
radicals,  caged  or  "free”,  and  that  solution  and  vapour 
phase  relative  rates  of  the  same  kinetic  order  may  be 
equated.  At  lower  concentrations  of  molecular  bromine, 
when  the  reversal  reaction  was  not  important,  cage  reversal 
between  the  geminate  radical-hydrogen  (or  deuterium)  bromide 
pair  was  proposed  to  explain  the  differences  between  the 
vapour  and  solution  phase  results . 

In  the  liquid  phase  brominations  in  Freon  113, 
the  relative  rates  of  transfer  of  the  alkyl  radicals  with 
bromine  and  with  hydrogen  bromide  increased  with  increasing 
bromine  concentration.  This  was  attributed  to  reversal  in 
solution  with  the  new  transfer  species  hydrogen  tribromide. 
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The  equilibrium  constant  of  formation  of  this  species  was 
determined  by  nmr  spectroscopy,  and  was  consistent  with  the 
kinetics  of  the  solution  phase  reactions. 

The  bromination  of  1-bromobutane  is  complicated 
by  elimination  of  bromine  atoms  from  the  3~bromobutyl 
radicals.  In  the  vapour  phase,  the  1-butene  thus  formed  is 
primarily  brominated  allylically •  In  solution,  1- 
butene  adds  bromine  to  produce  1 , 2-dibromobutane .  The 
hydrogens  3  to  the  bromine  substituent  in  1-bromobutane  are 
abstracted  about  five  times  faster  than  the  y-hydrogens  at 
25°,  and  the  rate  enhancement  of  the  bromine  substituent 
on  the  3-hydrogens  is  calculated  as  10  over  what  would  be 
expected  on  the  basis  of  the  polar  effects  of  the  substitu¬ 
ent.  No  evidence  for  an  enhanced  rate  of  abstraction  of 
the  3-hydrogens  of  1— chlorobutane  was  obtained  in  the 
bromination  of  this  compound. 
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I  N  T  R  0  D  U  C  T  I  O  N 


1.1  Homolytic  Hydrogen  Atom  Abstraction 

The  abstraction  of  hydrogen  atoms  is  the  most 

common  reaction  that  free  radicals  undergo.  The  reaction 

has  been  extensively  studied,  and  two  general  effects  have 

been  observed  that  influence  the  reaction.  The  strength 

of  the  bonds  being  made  and  being  broken  and  the  polar 

influences  on  the  transition  state  of  the  abstraction 

reaction  both  affect  the  rate  and  the  position  of  attack 

on  different  molecules  and  on  molecules  that  contain 

^  ,  1-12 

chemically  different  hydrogens. 

In  every  radical  process  studied,  the  rates  of 
hydrogen  atom  abstraction  from  aliphatic  alkanes  increase 
on  going  from  primary  to  secondary  to  tertiary  C-H  bonds. 
This  order  is  independent  of  the  nature  of  the  attacking 
radical  and  is  most  easily  explained  as  due  to  the 
strengths  of  the  C-H  bonds  being  broken.  Thus,  tertiary 
C-H  bonds  are  the  weakest,  and  tertiary  hydrogens  are 
abstracted  at  the  fastest  rates.  The  rate  of  attack  on 
a  particular  C-H  bond  is  also  found  to  increase  as  the 


1. 


2C 


H-X  bond  strength  increases  (reaction  1).  For  example, 
halogen  atoms  abstract  hydrogen  from  methane  or  ethane  in 

RH  +  X» - ►  R*  +  HX  (1) 

the  order  F>Cl>Br,  i.e.  the  order  of  the  hydrogen  halide 

5 

bond  strengths. 

Two  types  of  polar  effects  have  been  observed 
in  free  radical  reactions.  One  of  these,  an  inductive 
effect,  is  illustrated  in  the  chlorination  of  electro¬ 
negative  ly  substituted  butanes  (Table  1).  The  relatively 
electronegative  chlorine  atom  prefers  attack  on  hydrogens 
furthest  removed  from  the  electronegative  group.  This 
effect  has  been  rationalized  by  the  assertion  that  in  the 
transition  state  of  the  hydrogen  abstraction  reaction, 
there  is  electrostatic  repulsion  between  the  polar  C-X 
bond  of  the  butane  and  the  H-Cl  bond  being  formed.  This 
effect  falls  off  rapidly  with  distance  from  the  substituent, 

and  therefore  attack  on  the  y-position  is  preferred  over 

.  .  8 

attack  on  the  0-position. 

The  second  type  of  polar  effect  is  a  donor- 
acceptor  type,  and  is  exemplified  in  the  bromination  of 
substituted  toluenes.  The  free  radical  reactions  of 
bromine  with  ring  substituted  toluenes  have  been  correlated 
well  with  the  Hammett  equation  (p=-1.36  at  80°  in  carbon 
tetrachloride,  correlation  with  a  ).  In  the  transition 


Table  1 


Relative  Reactivities  in  the  Chlorination  of 

a 

Selected  Substituted  Butanes 


X 


ch2 - ch2 - CH2 - ch3 


CF  b 

0.04 

1.2 

4.3 

1.0 

Fb 

0.9 

1.7 

3.7 

1.0 

Clb 

0.8 

2.1 

3.7 

1.0 

F0CC 

0.08 

1.6 

4.2 

1.0 

ciocG 

0.2 

2.1 

3.9 

1.0 

CH3OOCC 

0.4 

2.4 

3.6 

1.0 

CHoC00d 

3 

0.1 

2.1 

3.9 

1.0 

CFoC00 

3 

0,2 

1.3 

3.6 

1.0 

aReactivity  in  the  gas  phase  at  75°  per  hydrogen  atom  re 
tive  to  the  primary  6  hydrogen. 

bTaken  from  ref.  13. 

CTaken  from  ref.  14. 

dRun  at  100° ;  ref.  15. 
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state  of  these  reactions r  participation  of  resonance 
structures  of  the  type  2a  must  be  important;  in  this 

rv  (■* 

r  t  *  ^  -I  "I" 

[Ar  H  Br  ] 

2a 


structure ,  an  electron  is  transferred  from  the  benzyl 
group  to  the  bromine  atom.  This  type  of  stabilization 
is  also  important  in  the  abstraction  of  hydrogens  from 
carbon  atoms  carrying  atoms  with  lone  pairs  of  electrons, 


e.g.  in  the  chlorination  of  1-chlorobutane  at  the 
a-oosition,  structure  2b  adds  to  the  stabilization 


+  / 
[C1=C 

\ 


H 


R 


H 


2b 


Cl  ] 


of  the  transition  state. 


6,10 


Other  effects,  such  as  solvent  and  steric 
effects,  do  not  generally  greatly  influence  free  radical 
hydrogen  abstraction  reactions.  Thus,  solvent  effects 
are  usually  not  important:  though  large  effects  have 
been  reported  for  chlorinations  in  aromatic  solvents, 
and  smaller  solvent  effects  are  known  for  tert-butoxy 
radicals,  there  are  usually  only  small  differences 
between  results  obtained  in  the  gas  phase  and  in 
solution . ^ ^ ^ ^  Mayo  has  reviewed  gas  and  liquid  phase  free 
radical  reactions,  and  concludes  that  though  solvation 


effects  may  be  important,  they  are  not  very  significant 

for  inert  solvents,  and  tend  to  cancel  out  in  competing 

19 

reactions  of  the  same  kinetic  order, 

Steric  effects  are  also  not  very  significant 

6  2  0 

in  hydrogen  abstraction  reactions;  f  even  though 

tertiary  aliphatic  C-H  bonds  are  the  ones  that  are  most 

sterically  hindered,  they  undergo  hydrogen  abstraction 

at  the  fastest  rates  by  all  radicals.  It  has  been 

suggested,  though,  that  displacement  on  carbon,  rather 

than  displacement  on  hydrogen,  is  rare  due  to  a  high 

activation  energy  requirement  caused  by  the  sterically 

hindered  approach  of  a  free  radical  to  an  atom  that  is 

^  6 

coordinated  to  two  or  more  atoms  or  groups. 

I . 2  Free  Radical  Bromination  Reactions 

21,22 

Hydrogen  abstraction  by  bromine  atoms 
is  quite  unique  in  free  radical  chemistry.  The  bromine 
atom  is  one  of  the  most  selective  hydrogen  abstracting 
species  known;  e.g.  the  primary : secondary : tertiary 
selectivities  are  1 : 100 : 2000 . 22  This  selectivity  is 
due  to  the  fact  that  hydrogen  abstraction  by  bromine 
for  all  but  the  weakest  C-H  bonds  is  endothermic. 
Bromine  atoms  are  therefore  very  sensitive  to  small 
changes  in  the  energetics  of  the  reactions,  and  these 


' 
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small  changes  will  be  reflected  in  significantly 
increased  or  decreased  rates  of  reaction. 

2  3 

By  the  Hammond  principle,  the  transition  state 
for  the  endothermic  bromination  reactions  should  resemble 
most  closely  the  products ;  consequently  brominations  are 
influenced  strongly  by  donor-acceptor  polar  effects.  This 
is  illustrated  by  the  large,  negative  Hammett  p  value  for 
the  free  radical  bromination  of  toluenes,  and  by  the 
contrasting  behaviour  of  cyclohexane  and  toluene  to 
bromination  and  chlorination.  In  chlorination,  cyclohexane 
reacts  at  a  faster  rate  than  toluene  (k  /k  =  2.8  (per  H 
atom,  80°)24);  this  was  attributed  to  the  electron  with¬ 
drawing  effect  of  the  aromatic  ring,  since  for  the 
exothermic  chlorination,  there  is  no  significant 
contribution  of  the  resonance  stabilization  of  the  benzyl 
radical.  However,  for  the  less  electronegative  and  more 
selective  bromine  atom,  the  situation  is  reversed;  toluene 
brominates  much  faster  than  cyclohexane  UtAc  =  250  (per 
H  atom,  80°)24'25) ,  since  the  extensive  bond  breaking  in 
the  transition  state  for  bromination  leads  to  increased 
odd  electron  density  at  the  benzylic  position  and 
considerable  resonance  stabilization  due  to  the  phenyl  ring. 

Due  to  their  sensitivity  to  small  changes  in  the 
activation  energy,  bromination  reactions  are  also 
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influenced  by  effects  other  than  bond  strengths  and  polar 
effects;  these  include  reversible  hydrogen  atom 
abstraction,  cage  effects,  complex  formation,  elimination 
of  groups  or  atoms  that  are  3  to  the  radical,  and  anchimeric 
assistance  by  groups  of  atoms  in  the  abstraction  of 
hydrogens  3  to  the  group.  These  effects  have  either  been 
shown  to  occur  or  have  been  proposed  for  free  radical 
brominations ,  and  are  expected  to  complicate  any 
mechanistic  scheme  for  these  reactions. 

1.2,1.  Reversible  Hydrogen  Abstraction 

The  effect  of  reversible  hydrogen  atom 
abstraction  on  the  kinetics -and  on  the  products  of  the 
bromination  of  alkanes,  aranes,  and  substituted  alkanes 
and  aranes  has  been  a  topic  of  considerable  concern.  As 
noted  above,  bromine  atom  attack  on  C-H  bonds  (reaction  3) 
is  generally  endothermic;  the  reversal  reaction  with 
hydrogen  bromide  (reaction  4)  will  therefore,  in  most 
cases,  be  exothermic,  and  though  transfer  of  bromine  to 
the  carbon-centered  radical  (reaction  5)  is  always 
exothermic,  the  reversal  reaction  may  compete  with  the 
product  forming  step. 

k 

RH  +  Br •  — =►  R*  +  HBr  (3) 


R-  +  HBr 


RH  +  Br- 


(4) 


(5) 


8. 


R*  +  Br 2 


RBr  +  Br* 


In  their  classic  work  on  the  bromination  of 
methane,  Kistiakowsky  and  Van  Artsdalen  showed  that 
hydrogen  bromide  inhibited  the  reaction,  and  they 
calculated  that  the  methyl  radical  transferred  about 
sixteen  times  faster  with  bromine  than  with  hydrogen 
bromide  at  37°,  No  inhibition,  however,  was  observed  in 
the  bromination  of  bromomethane ,  implying  that  k^/k^  was 
greater  than  100.  Andersen,  Van  Artsdalen,  and 

Sullivan31  extended  the  studies  of  the  absolute  rates  of 
brominations  with  molecular  bromine  to  other  simple 
substrates  in  the  vapour  phase  (Table  2) .  In  all  the 
compounds  studied,  reversal  with  hydrogen  bromide  was 
important;  in  some  cases  it  occured  faster  than  transfer 

with  bromine. 


The  transfer  with  hydrogen  bromide  in  the 

bromination  of  chloroform  has  also  been  demonstrated  in  a 

chemical  way  by  carrying  out  the  vapour  phase  reaction  of 

deuteriochloroform  with  added  hydrogen  bromide:  the 

unbrominated  chloroform  was  found  to  have  incorporated  a 

significant  amount  of  protium.  No  incorporation  was 

observed  in  the  chlorination  reaction  with  added  hydrogen 

chloride,  since  the  reversal  reaction  in  this  case  must 

3  5 

have  an  activation  energy  greater  than  7.5  kcal./mol. 


Table  2 


Relative  Rates  of  Transfer  of  Selected  Alkyl  Radicals  with 


Bromine 

(k^)  and  with  Hydrogen  Bromide 

(k2 )  in  the 

Vapour 

Phase 

Substrate 

Temperature 

°C 

BDEa 

k3/k2b 

Ref. 

CH. 

4 

37  -  210 

104.0 

15.6  -  4.8 

26 

CH-Br 

50  -  110 

99C 

Large 

26 

VO 

<N 

U 

35  -  95 

98.0 

14 

27 

(ch3)3ch 

40  -  85 

91.0 

2.8  -  0.6 

28 

(ch3)4c 

107  -  151 

99.3 

0.8  -  0.2 

29 

C^HcCH0 

6  5  3 

90  -  133 

85 

1.7  -  0.8 

30 

CHC1 

3 

147  -  169 

95.7 

25.6  “  23.3 

31 

aBond  dissociation  energy ,  taken  from  ref.  32  and  33 . 

bSome  of  these  results  have  been  critisized  by  Benson  and 
34 

Buss . 

cTaken  from  ref.  28. 


" 
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Although  the  work  on  the  determination  of  the 

absolute  rates  (Table  2)  was  carefully  done  and  yielded 

acceptable  values  of  the  bond  strengths,  the  results  have 

been  suspect  because  the  A  factors  of  the  observed 

3  34 

reactions  were  very  high.  Benson  and  Buss  explained 
the  discrepancies  on  the  grounds  that  an  assumption  made 
in  interpreting  the  results  was  invalid  for  the  more 
reactive  compounds.  The  necessary  assumption  was  that 
steady  state  concentrations  of  bromine  atoms  were  reached 
in  times  that  were  short  compared  with  the  lengths  of  the 
reactions.  Benson  and  Buss  calculated  that  a  steady  state 
was  only  attained  for  hydrocarbons  less  reactive  than 
ethane.  Although  the  magnitude  of  the  relative  rates 
reported  (Table  2)  may  therefore  be  in  error,  the  results 
show  that  hydrogen  bromide  reversal  must  be  taken  into 
account  in  any  kinetic  analysis  of  bromination  reactions. 

Transfer  with  hydrogen  bromide  has  also  been 
well  documented  in  the  bromination  of  toluene  and 
substituted  toluenes  with  a  number  of  different  brominating 
reagents.  In  this  reaction,  the  reversal  reaction  is 
endothermic  (AH  =  2.5  kcal./mol,  D(PhCH2~H)  -  85  and 
D(H-Br)  =  87.5  kcal./mol32).  The  deuterium  kinetic 
isotope  effect  for  the  bromination  of  toluene-a-d^^  with 
bromine  at  80°  was  reported  by  Urry  to  be  3.3.  A 
reinvestigation  by  Wiberg  and  Slaugh,  however,  showed 
that  under  conditions  of  no  hydrogen  bromide  reversal 


. 
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(either  using  N-bromosuccinimide  (NBS)  as  a  brominating 
agent,  or  sweeping  out  the  hydrogen  bromide  formed  in  the 
reaction  with  a  nitrogen  stream) ,  the  isotope  effect  was 
4.6;  Wiberg  attributed  the  difference  to  interference  by 
the  reversal  reaction  in  Urry's  work. 


A  similar  effect  was  reported  by  Pearson  and 

Martin  on  the  magnitude  of  the  Hammett  p  value  for  the 

1  6 

bromination  of  substituted  toluenes.  This  value  was 

3  8 

determined  by  Kooyman,  van  Helden  and  Bickel  to  be 
-1.05  (80°,  correlation  with  cr+)  .  By  maintaining  the 

Br  /HBr  ratio  large  throughout  the  reaction,  Pearson 
and  Martin  obtained  a  value  for  p  of  -1.36  (80°, 

correlation  with  g+),16  which  is  in  excellent  agreement 

16 

with  the  p  value  for  NBS  brominations  of  toluenes,  -1.39 
and  ~1.463^  (80°,  correlation  with  o+ ) ,  where  the  hydrogen 

bromide  is  scavenged  very  rapidly  by  reaction  with  the  NBS. 


One  of  the  most  dramatic  effects  of  hydrogen 

bromide  reversal  was  recently  reported  in  a  study  of  the 

bromination  reactions  of  bromotrichloromethane .  These 

reactions  have  generally  been  accepted  to  proceed  by  a 

trichl  omethyl  radical  chain.5  r  5  e  Tanner  et  al_. 

have  now  shown  that  this  chain  is  dominant  only  in  the 

presence  of  a  hydrogen  bromide  scavenger  (powdered 

.  42,43 

arbonate  or  ethylene  oxide). 


potassium  c 


In  "normal" 


bromotrichloromethane  brominations,  the  major  chain 
carrier  is  the  bromine  atom  (reactions  6-8),  and 
extensive  reversal  with  hydrogen  bromide  takes  place. 
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RH  +  Br*  - 

— ► 

R*  +  HBr 

(6) 

HBr  +  *CC13  - 

— ►- 

Br -  +  HCC13 

(7) 

R'  +  BrCCl3  - 

— ► 

RBr  +  °CC13 

(8) 

Most  of  the  kinetic  data  reported  for 
bromination  reactions  has  been  obtained  from  competitive 
reactions.  Relative  reactivity  data  is  much  more  easily 
obtained  than  is  absolute  rate  data,  and  is  not  influenced 
strongly  by  the  method  of  initiation  or  the  mode  of 
termination  (self-termination  or  trace  impurities) .  Also, 
no  assumption  needs  to  be  made  about  the  rate  at  which 
steady  state  concentrations  are  attained.  However,  the 
relative  reactivity  method  depends  on  the  fact  that  in 
competitive  reactions  of  two  substrates  R^H  and  R^H  with 
a  radical  Y-  (reactions  9,  10),  the  amount  of  reaction 
of  each  substrate  can  be  determined  from  the  amount  of 
starting  material  at  the  end  of  the  reaction,  or  from  the 


R  H  +  Y* 
a 


-a 


-b 


R  •  +  HY  — ^ 

R  Y 

a  k 

a 

ay 

Y2 

R.  •  +  HY  - =► 

b  k 

Kb7 

kby 

(9) 


R,  H  +  Y- 
b 


(10) 


13c 


amount  of  products  formed  from  each  reactant*  The 
relative  reactivity  may  then  be  calculated  using 

,  .  -j  -j  6 , 11  f  22 

equation  11. 

ln([RaH]°/[RaH]f)/ln([RbH]°/[RbH]f)  =ka/kb  (11) 

Equation  11  can  only  be  used  when  the 
abstraction  reactions  are  irreversible:  when  reversible 

hydrogen  atom  abstraction  takes  place ,  equation  12 

6  39  44  .  . 

applies.  '  '  This  equation  contains  a  time  dependent 

term,  [HY]/[Y2],  and  consequently  cannot  be  integrated. 

d  In  [R  H]/dt  k  (1  +  k  .  [HY] /k.  [Y9]  ) 

a  _  a  -b  _ by  Z  (12) 

d  ln[RbH]/dt  kb(l  +  k_a[HY]/kay[Y2] ) 

The  majority  of  the  relative  rates  of 

bromination  in  the  literature  was  obtained  using  equation 

11,  assuming  (explicitly  or  implicitly)  that  no  reversal 

took  place?  in  most  cases,  however,  no  efforts  were  made 

44  45 

to  limit  reversal  or  ascertain  its  absence.  '  Transfer 
with  hydrogen  bromide  of  radicals  from  different  molecules, 
or  of  different  radicals  from  the  same  molecule,  will  not 
necessarily  occur  at  the  same  rate,  as  is  apparent  from  the 
limited  data  in  Table  2,  and  results  obtained  in  the 
presence  of  hydrogen  bromide  should  only  be  treated  as 
apparent  relative  reactivities. 


. 
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In  comparing  the  rates  of  bromination  of 
substituted  and  unsubstituted  alkanes,  the  difference  in 
the  rates  of  reversal  should  be  more  pronounced,  since 
the  bromination  of  substituted  alkanes  is  strongly 
influenced  by  polar  effects.  Thus,  if  one  compares  an 
electronegatively  substituted  alkane  with  the  parent 
hydrocarbon,  one  would  expect  the  substituted  alkane  to 
react  with  a  bromine  atom  at  a  slower  rate  than  the  alkane, 
since  no  strong  polar  effects  are  expected  in  the 
transition  state  for  abstraction  of  hydrogen  from  alkanes. 
However,  by  the  principle  of  microscopic  reversibility,  the 
polar  effects  that  influence  the  hydrogen  abstraction  from 
substituted  alkanes  must  also  be  present  in  the  reverse 
reaction  with  hydrogen  bromide,  and  these  will  therefore 
decrease  the  reversal  rate.  The  transfer  with  hydrogen 
bromide  would  then  be  more  facile  with  the  unsubstituted 
alkyl  radical.  If  this  reaction  is  important,  the 
substituted  alkane  may  appear  to  brominate  at  a  faster 
rate  than  the  parent  hydrocarbon. 

Tanner  et  al.  studied  this  effect  on  the 
relative  rates  of  bromination  of  electronegatively 
substituted  butanes,  2-methylbutanes,  and  cyclohexanes 
under  conditions  of  hydrogen  bromide  reversal  ("normal" 
brominations,  i.e.  a  1:1:1  molar  mixture  of  bromine  and 
the  two  substrates)  and  conditions  of  limited  reversal 
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(using  either  an  excess  of  N-bromosuccinimide  in 
homogeneous  acetonitrile  solution  or  a  large  excess  of 
liquid  bromine),  Table  3.^  In  most  of  the  compounds 
studied,  the  negatively  substituted  alkanes  reacted  faster 
than  the  parent  hydrocarbon  in  "normal"  brominations . 
However,  as  the  Br^/HBr  ratio  was  increased  (Table  3), 
the  rates  of  bromination  of  the  substituted  alkanes 
relative  to  the  alkanes  dropped,  and  when  hydrogen 
bromide  reversal  was  not  important,  most  substituted 
alkanes  brominated  more  slowly  than  their  parent  alkane. 

1.2.2  Cage  Effects 

The  concept  of  a  solvent  cage  was  first 

46 

proposed  by  Frank  and  Rabinowitch,  and  was  extended 

47-49 

and  elaborated  by  Noyes.  The  geminate  radical 

pair  is  held  in  close  vicinity  by  a  cage  of  solvent 

molecules  for  about  10  second.  Since  concentration 

in  the  cage  is  about  10  M  (bulk  concentration),  there  will 

be  a  good  likelihood  of  a  cage  reaction  if  the  reaction 

rate  is  greater  than  10^  mol  1  ^/sec.^'~^  The  importance 

of  cage  reactions  has  been  amply  demonstrated  in  a  number 

51 

of  reactions  involving  geminate  radical  pairs,  but  little, 
if  any,  work  has  been  done  to  investigate  their  occurrance 
in  free  radical  substitution  reactions,  where  the  geminate 
pair  is  a  radical-molecule  pair. 
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Table  3 


Comparison  of  the  Relative  Rates  of  Brominations  Under 

3. 

Reversible  and  Irreversible  Hydrogen  Atom  Abstraction  (40°) 


Substrates 

R2H 

Molar  Ratio 
R1H:R2H:Br2 

kR1H/kR 

■2H 

1-Bromobutane 

Cyclohexane 

1:1:1 

3.7 

± 

0.3 

1:1:5 

1.61 

+ 

0.12 

1:1:20 

1.06 

+ 

0.04 

1:1:100 

0.52 

+ 

0.01 

1 : 1 :NBSb 

0.58 

± 

0.10 

ChlorocyclO” 

Cyclohexane 

1:1:1 

1.48 

± 

0.05 

hexane 

1:1:20 

0.68 

± 

0.02 

1:1:100 

0.36 

± 

0.03 

1:1:NBS 

0.23 

± 

0.02 

Bromocyclo- 

Chlorocyclo- 

1:1:1 

4.4 

± 

0.1 

hexane 

hexane 

1:1:5 

2.7 

± 

0.02 

l:l:NBSb 

1.8 

± 

0.02 

Bromocyclo- 

Trans-4-tert- 

1:1:1 

3.23 

± 

0.01 

hexane 

butylbromo- 

1:1:30 

2.56 

± 

0.02 

cyclohexane 

l:l:NBSb 

1.92 

± 

0.05 

Cis-4-tert- 

Bromocyclo- 

1:1:1 

5.6 

± 

0.6 

butylbromo- 

hexane 

1:1:20 

3.7 

± 

0.4 

cyclohexane 

1:1:30 

2.8 

± 

0.2 

1 : 1 :NBSb 

2.1 

± 

0.5 

continued. .... 

Table  3  (cont'd.) 


aTaken  from  ref.  44. 

kphotoinitiated  reactions  of  R  H:R  HsNBS  of  1:1:8  in  aceto 
nitrile  homogeneous  solution. 
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Haag  and  Heiba  in  1965  suggested  the 

possibility  of  a  cage  reaction  between  the  alkyl  radical 

and  a  molecule  of  bromine  formed  in  immediate  proximity 

52 

on  abstraction  with  Br^  (reaction  13) .  This  suggestion 

RH  +  Br ^ *  — ►  (R-  +  HBr  +  Br2)  - — ►  RBr  +  HBr  +  Br-  (13) 

was  made  to  explain  the  retention  of  optical  activity  in 

the  bromination  of  some  optically  active  substituted 

alkanes.  Cage  reaction  between  the  geminate  radical- 

hydrogen  bromide  pair  has  also  been  suggested  to  compete 

44  53 

with  diffusion  from  the  cage.  ' 

The  reaction  of  a  carbon-centered  radical  with 

bromine  (reaction  5)  has  been  generally  accepted  to  have 

zero  or  very  small  activation  energy,  and  has  been 

accepted  to  be  in  the  diffusion  controlled  range  in 

solution.21' 22 '  26-30'54  This  assumption  must  be  nearly 

correct  since  the  reported  vapour  phase  values  of  E_^  and 

A  assigned  to  this  process  will  place  the  solution  reaction, 

within  one  or  two  orders  of  magnitude,  in  the  diffusion 

controlled  range.22'34'54  Since  hydrogen  bromide  reversal 

^  •  28-30, 37-44 

is  competitive  with  transfer  with  bromine, 

reaction  4  will  also  be  close  to  the  diffusion  controlled 
range . 


In  comparing  the  reactivity  of  different  C-H 
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bonds,  if  the  rates  of  the  cage  reactions  are  competitive 

with  those  of  diffusion,  and  the  rates  of  the  cage 

reactions  are  different,  cage  filtering  will  occur,  ice. 

the  ratio  of  radicals  escaping  from  the  cage  will  be 

different  from  the  kinetic  distribution  of  radicals  formed 

on  abstraction.  For  example,  for  the  competitive  reaction 

of  R  H  and  R,H  with  the  radical  Y-  (reactions  9-10),  if  k__a 
a  d 

and  k  ,  are  dissimilar  and  are  competitive  with  diffusion, 
-b 

k  and  k*  (reactions  14-15),  the  rate  of  disappearance  of 


k 

R  H  +  Y*  (R  *  +  HY) 

3 .  & 


- — ►  products 


(14) 


RbH  +  Y* 


+  HY) 


products  (15) 


starting  materials  will  be  given  by  expression  16  if  there 

is  no  external  reversal,  and  by  expression  17  when  external 

reversal  takes  place,  where  [HY]C  is  the  cage  concentration 

55 

of  HY  (see  Appendix  1). 

d  ln[RaH]/dt  _  ka(k-b[HYlC  +  kd)  (16) 

d  lntRj^Hl/dt  kb(k_alHY]c  +  kd) 

d  ln[RaH]/dt  kakdkay  (k-b[HY]C  +  kd)[(k-btHY]  *  kbyfBr2]) 
d  ln[RbH]/dt  kbkdkby  (k-a[HY]C  +  kd’  (k-a[HY]  +  kay[Br25) 


(17) 


. 
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The  term  (k_^[HY]c  +  k^) / (k_^ [HY] c  +  k^)  is 
related  to  the  cage  effect,  and  as  long  as  the  rate  of 
reversal  is  comparable  to  that  of  diffusion,  cage  filtering 
will  influence  the  relative  rate  of  reaction  of  the  two 
reactants .  This  will  be  the  case  for  reversal  with 
hydrogen  bromide,  and  therefore  cage  reactions  may  play  an 
important  role  in  free  radical  bromination  reactions,  and 
further  complicate  solution  phase  brominations . 

1.2.3  Complex  Formation 

Three  types  of  complexing  may  occur  in  free 
radical  brominations:  self-complexing,  or  agglomeration, 

of  the  bromine,  complexing  between  bromine  and  substrates 
or  products,  and  complexing  between  bromine  and  the  solvent. 

No  self  association  of  bromine  molecules  has 

56  •  •  £ 

been  reported  in  the  literature.  Thus,  the  position  o 
the  absorption  maximum  in  the  visible  spectrum  of  bromine 
solutions  in  organic  solvents  or  of  liquid  bromine  is  very 

5? 

near  to  that  of  the  maximum  observed  for  gaseous  bromine. 
This  has  been  taken  as  evidence  against  self-association 
or  association  with  the  solvent.  However,  Mulliken  has 
suggested  that  the  presence  of  a  second  band  at  290  ran 
found  in  aromatic  solutions  is  due  to  the  charge-transf er 


21c 


spectrum  of  a  1:1  complex,  analogous  to  the  well 

established  iodine  complexes,  although  this  band  has 

5  9 

been  attributed  to  other  effects. 

Some  evidence  is  available  for  complexing 

between  bromine  and  other  compounds.  A  number  of 

6  0 

polyhalides  are  well  known,  including  hydrogen 
6162 

tribromide,  '  which  may  be  considered  as  a  complex 

between  bromine  and  hydrogen  bromide,  one  of  the  products 

of  any  bromination  reaction.  Complexing  between  alkyl 

iodides  or  bromides  and  bromine  is  also  indicated  by  the 

pronounced  light  absorption  in  the  300-350  my  region  of 

solutions  of  bromine  in  these  alkyl  halides.  Keefer  and 

Andrews  attributed  this  absorption  to  a  1:1  complex, 

although  they  noted  that  the  complexing  was  rather  weak 

6  3 

compared  to  that  of  iodine  with  alkyl  halides. 

Haag  and  Heiba  proposed  that  the  abstracting 

52 

species  in  free  radical  brominations  may  be  Br^*;  this 
is  not  unlikely  since  bromine  is  known  to  complex  with 
chloride,  bromide  and  iodide  ions,60  and  on  abstraction 
of  hydrogen,  Br^‘  forms  HBr^,  a  known  species.  Little  work 
has  been  done  to  investigate  the  role  of  complexing  in 
homolytic  brominations. 


1.2.4  Elimination  of  the  Substituent 


Elimination  of  the  substituent  in  the  bromina- 

tion  of  electronegatively  substituted  alkanes  has  also 

been  reported,  and  this  may  further  complicate  any  study 

of  the  mechanism.  Thus,  bromination  of  l-fluoro-2- 

methylbutane  or  2-methyl-l-butyl  acetate  with  molecular 

bromine  gave  1 , 2-dibromo-2-methylbutane  as  the  major 
53 

product.  An  acid  catalyzed  elimination  of  fluorine 

from  1-f luoro-2-methyl-2-butyl  radicals  or  of  acetic  acid 

from  2-bromo-2-methy,l  -1-butyl  acetate  has  been  suggested 

to  account  for  the  results.  This  mechanism  is  supported 

by  Tedder's  report  that  the  vapour  phase  chlorination 

13 

(Table  1)  or  bromination  of  1-f luorobutane  and  butyl 
acetate  gives  no  1,2-dichloro  or  1 ,2-dibromobutane . 
Also,  when  the  bromination  of  2-methylbutyl  acetate 
was  carried  out  in  the  presence  of  a  hydrogen  bromide 
scavenger  (N-bromosuccinimide) ,  no  1,2-dibromide  was 
detected. ^ 


Elimination  of  bromine  from  $-bromoalkyl 
radicals  is  a  well  known  reaction  and  occurs  very 

1  r  C  p  O 

readily;  '''  it  is  responsible  for  the  rapid  iso¬ 
merization  of  alkenes  by  bromine  atoms.  Chlorination 
of  bromo cyclohexane  gives  1 , 2-dichlorocyclohexane  (5%), 


which  probably  arises  from  addition  of  chlorine  to 

65  . 

cyclohexene.  Similarly,  elimination  of  bromine  was 

reported  in  the  chlorination  of  1-bromobutane ,  in  both 
66  13 

liquid  and  gas  phase,  where  1 , 2-dichlorobutane  was 

formed.  Bruylants  et  al .  brominated  1-bromobutane 

labelled  with  bromine-82  with  molecular  bromine  in 

carbon  tetrachloride  to  study  the  importance  of 

6  7 

elimination  in  solution.  After  >87%  conversion  of 
the  bromine,  3%  of  the  total  radioactivity  was  present 
in  the  inorganic  products.  Also,  when  the  product 
1 , 2-dibromobutane  was  dehydrobrominated ,  10%  of  the 
label  was  found  at  the  2-position. 

These  results  may  be  analyzed  further.  If 
it  is  assumed  that  the  scrambling  of  the  label  in  1,2- 
dibromobutane  was  due  to  an  elimination-readdition 
mechanism  instead  of  the  rearrangement  mechanism  proposed 
by  the  authors,  limits  may  be  placed  on  the  amount  of 
B-bromobutyl  radicals  that  eliminated  a  bromine  atom. 
Since  there  were  equal  chances  of  the  radioactive  bromine 
adding  to  either  end  of  the  double  bond,  a  minimum  of 
20%  elimination  is  required  to  explain  the  rearrangement. 
To  take  into  account  the  radioactivity  in  the  inorganic 
products  as  well,  the  minimum  is  raised  to  23%. 


The  maximum  amount  of  elimination  may  be 
calculated  by  simulating  the  reaction  where  the  Br-82 
that  was  eliminated  mixed  completely  with  the  bromine 
pool^  prior  to  any  other  reactions.  From  the  data 
in  the  communication,  the  fraction  of  bromine  atoms  that 
attacked  1-bromobutane  at  the  2-position  was  calculated 
as  0.8.  It  was  assumed  that  this  fraction  was  constant 
throughout  the  reaction  (an  assumption  that  is  most 
likely  not  correct) ,  and  the  bromination  was  simulated 
in  1000  steps  (see  Appendix  2) .  When  37%  of  the 
$-bromobutyl  radicals  eliminated  bromine  atoms,  10%  of 
the  Br-82  in  1 , 2-dibromobutane  was  calculated  to  be  at 
the  2-position.  At  this  fraction  of  elimination,  it 
was  calculated  that  8%  of  the  total  radioactivity  should 
have  been  in  the  inorganic  products.  The  reported 
amount  (3%)  is  smaller  than  this.  It  is  possible  that 
the  reported  figure  may  be  in  error,  since  the  method 
used  to  determine  the  radioactivity  in  the  organic 
compounds  (using  a  tandem  glpc-ionization  chamber)  appears 
to  be  more  reliable  than  that  used  for  the  inorganic 
products  (trapping  these  at  the  head  of  the  glpc  column 
on  potassium  hexacyanoferrate  II,  and  then  counting  the 
solid)  . 


The  bromination  of  a  number  of  bromoalkanes 


with  bromine-81  has  been  studied  in  these  laboratories  to 


determine  the  importance  of  elimination  from  different 

ft-bromoalkyl  radicals  (Table  4)  .  A  direct  substitution 

mechanism  predicts  that  the  dibromides  should  contain 

27.3%  Br-79  and  12.1%  Br-81.  If  olefin  were  formed 

during  the  reaction,  some  enrichment  of  the  vicinal 

7  R 

dibromides  in  bromine- 81  was  expected.  '  1 , 2-Dibromo- 

butane,  1 , 2-dibromocyclohexane  and  cis-l-trans-2- 

dibromo- 4 -ter t-butyl cyclohexane  (see  Table  4)  were  found 

to  contain  approximately  27%  Br-79,  showing  that  no 

overall  enrichment  had  occurred.  However,  an  analysis 

of  the  mass  spectral  intensities  of  the  molecular  ion 

peaks  of  these  dibromides  showed  that  these  were  not 

in  the  ratio  predicted  by  this  mechanism.  For  two 

bromine  atoms  with  isotopic  ratios  of  Br-79  and  Br-81 

of  a,  b  and  a',  b1,  the  ratio  of  the  mass  spectral  peak 

intensities  may  be  calculated  from  the  expansion  of  the 

77 

expression  (a  +  b) (a*  +  b*).  A  direct  substitution 
mechanism  requires  that  the  dibromides  contain  the 
original  bromine  atom  (Br-79: Br-81  -  0.51:0.49)  and  a 
second  bromine  atom  from  the  molecular  bromine  (Br-79: 
Br-81  =  0.04:0.96),  and  therefore  the  intensities  of 
the  parent  peaks  in  the  mass  spectrum  should  be  in  a 
ratio  of  1:25:24.  This  was  not  the  case  for  any  of  the 
dibromides  studied;  the  dibromides  therefore  were  not 
formed  exclusively  by  direct  substitution  with  the 


Bromination  of  Some  Bromoalkanes  with  Bromine  Enriched  in  Bromine- 81 
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the  liquid  phase  at  40° .  continued 
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the  original  molecular  bromine  pool,  although,  for  the 
vicinal  dibromides,  the  overall  Br-79:Br-81  ratio  was, 
coincidentally,  that  predicted  for  direct  substitution. 

From  the  relative  intensities  of  the  mass 
spectral  peaks,  the  isotopic  ratio  of  the  two  bromine 
atoms  in  the  dibromides  could  be  calculated  (see 
Appendix  3).  The  results  are  given  in  Table  4.  It  is 
apparent  that  the  vicinal  dibromides  could  not  have 
been  formed  exclusively  by  a  direct  substitution 
mechanism,  since  none  of  these  compounds  contained  the 
original  bromine  atom  of  the  bromoalkane  (Br-79:Br-81  = 
0.507:0,493),  In  all  cases,  the  two  bromine  atoms 
were  enriched  in  bromine- 81;  bromine  from  the  molecular 
bromine  pool  had  therefore  been  introduced  into  the 
two  positions  of  the  vicinal  dibromides. 

These  results  indicated  that  a  scrambling 

mechanism  was  operating  to  introduce  bromine-81  into  the 

vicinal  dibromide.  This  was  attributed  to  an  elimination 

readdition  mechanism,  whereby  some  of  the  8-bromoalkyl 

radicals  eliminated  bromine  atoms  to  give  alkene .  These 

bromine  atoms  (isotopic  ratio  0.51:0.49)  mixed  rapidly 

with  the  bromine  pool  (i.e.  the  molecular  bromine  and 

6  8—74 

hydrogen  bromide  in  the  reaction  mixture)  thereby 


29. 


introducing  bromine-79  into  this  pool.  The  alkene  then 
added  bromine;  the  vicinal  dibromide  formed  in  this 
way  had  therefore  lost  the  original  bromine  atom  of  the 
starting  bromoalkane. 

Due  to  this  elimination,  the  molecular  bromine 
pool  was  enriched  in  bromine-79  as  the  reaction  progressed. 
This  was  substantiated  by  the  isotopic  ratio  of  the 
hydrogen  bromide  formed  in  the  bromination  of  cis-4- 
tert-butylbromo cyclohexane  (Table  4).  The  Br-79:Br-81 
ratio  was  0.18:0.82,  greatly  different  from  that  of  the 
starting  molecular  bromine  (0.04:0.96).  Similarly,  1,3- 
dibromobutane,  formed  in  the  bromination  of  1-bromobutane 
(Table  4) ,  had  an  excess  of  Br-79  over  that  predicted  by 
direct  substitution  from  the  original  bromine  pool.  In 
the  case  of  this  product,  the  radical  centre  was  two 
atoms  removed  from  the  bromine  substituent,  and  therefore 
elimination  could  not  take  place.  These  results  were 
expected  from  the  increased  Br-79  content  of  the  bromine 
pool  as  a  result  of  elimination  from  the  3-bromoalkyl 
radicals . 


Since  1 , 3-dibromobutane  must  have  been  formed 
by  direct  substitution  from  the  bromine  pool,  it  was 
expected  that  this  product  would  still  contain  the  original 


bromine  atom  of  the  starting  1-bromobutane .  However,, 
both  bromine  atoms  of  this  compound  were  enriched  in 
bromine-81  (Table  4) .  This  implied  that  part  of  the 
olefin  that  was  formed  added  hydrogen  bromide  rather 
than  bromine  to  give  1-bromobutane  enriched  in  bromine- 81 . 
This  was  then  brominated  to  give  1 , 3-dibromobutane 
enriched  in  bromine-81  at  the  1-position. 

The  bromination  of  2-bromobutane  with  bromine- 
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81  has  been  studied  in  detail  in  these  laboratories. 

The  starting  material  and  the  products  were  anlayzed 
for  the  isotopic  ratio  of  the  bromine  after  the  reaction,* 
2-bromobutane  had  a  Br-79 : Br-81  ratio  of  0.492:0.508, 
showing  that  it  had  incorporated  Br-81  during  the 
reaction.  This  was  attributed  to  addition  of  hydrogen 
bromide  to  2-butene  formed  by  elimination  of  bromine  atoms 
from  the  3-bromo-2-butyl  radicals.  The  hydrogen  bromide 
was  found  to  be  highly  enriched  in  bromine-79  (Br-79: 

Br-81  =  0.172:0.828),  substantiating  this  conclusion. 

The  vicinal  dibromides  (meso-  and  dl-2 , 3-dibromobutane) 
were  enriched  in  bromine-81  (0.223:0.777  and  0.216:0.784 
respectively),  while  2 , 2-dibromobutane  was  enriched  in 
bromine-79  (0.295:0.705).  1 , 2-Dibromobutane  was  also 

formed  in  this  reaction,  and  it  was  highly  enriched  in 
Br-81  (0.125:0.875),  showing  that  most  of  this  product 


was  formed  by  addition  of  bromine  to  1-butene. 

The  fraction  of  vicinal  dibromide  that  was 
formed  by  addition  of  bromine  to  the  alkene  could  be 
calculated  for  1-bromobutane  and  2-bromobutane  (see 
Appendix  3).  For  1-bromobutane,  e.g.,  the  1,2-dibromo- 
butane  that  was  formed  by  direct  substitution  must  have 
had  the  same  Br-79:Br-81  content  as  the  1,3-dibromo- 
butane.  The  1 , 2-dibromobutane  formed  by  addition  of 
bromine  to  1-butene  had  both  bromine  atoms  coming  from 
the  bromine  pool;  these  were  assumed  to  be  the  same 
as  the  second  bromine  atom  in  1 , 3-dibromobutane  (i.e. 

Br-79 : Br-81  =  0.18:0.82,  Table  4).  From  the  final 
Br-79:Br-81  content  of  the  vicinal  dibromide  (0.26:0.74), 
the  fraction  of  1 , 2-dibromobutane  that  was  formed  from 
olefin,  and  consequently  the  fraction  of  $-bromobutyl 
radicals  that  eliminated  bromine  atoms,  was  calculated 
to  be  0.45.  This  result  is  in  good  agreement  with  the 
reanalysis  of  Bruylant's  bromination  of  1-bromobutane 
labelled  with  Br-82,  where  it  was  calculated  that  between 
23-37%  of  the  3-bromobutyl  radicals  eliminated  bromine 
atoms  prior  to  any  further  reaction . 

Though  elimination  of  bromine  atoms  in  the 
bromination  of  bromoalkanes  should  not  effect  the  relative 
rates  of  abstraction  of  the  different  hydrogen  atoms  from 


these  substrates ,  if  hydrogen  bromide  reversal  is  impor- 
tantf  the  two  effects  together  may  influence  the  product 
distribution  obtained  in  the  reactions.  It  has  been 
suggested  that  the  initially  formed  radicals  under¬ 
go  rapid  reversal  with  hydrogen  bromide;  when  the 
radical  formed  is  3  to  the  bromine  substituent,  it  has 
the  additional  possibility  of  elimination  of  a  bromine 
atom  to  give  olefin.  The  olefin  would  add  bromine 
rapidly  to  give  vicinal  dibromide.  The  net  result  of 

these  reactions  would  be  an  increase  of  the  vicinal 
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dibromide  over  the  other  dibromides. 

1.2.5  Anchimeric  Assistance 


A  further  complication  arises  in  the 
bromination  of  bromoalkanes  and  of  chloroalkanes .  Bromo 
alkanes  are  known  to  give  abnormally  large  amounts  of 
vicinal  dibromides  in  free  radical  bromination  with 
molecular  bromine;  e.g.  bromination  of  bromocyclo— 
pentane  or  bromo cyclohexane  gives  more  than  90%  1,2— 
dibromo cycloalkane . 66  These  results  are  contrary  to 
what  is  expected  on  the  basis  of  polar  effects  (cf. 

Table  1) ,  and  anchimeric  assistance  by  the  bromine 
substituent  in  the  abstraction  of  the  $~hydrogens  has 
been  proposed  to  rationalize  these  anomalous  re¬ 
sults,66'79”81  although  this  explanation  has  been 


44,53,75,78,82-85 


Anchimeric 


questioned  recently, 
assistance  has  also  been  proposed  in  the  bromination 

of  some  chloroalkanes ,  '  '  although  the  evidence  is 

less  extensive  than  for  bromoalkanes .  The  question  of 
anchimeric  assistance  will  be  discussed  in  the  section 
on  1-bromobutane . 

1.3  Scope  of  this  Thesis 


For  any  understanding  of  the  details  of  the 
mechanism  of  solution  phase  bromination  reactions,  it 
is  necessary  to  know  the  relative  importance  of  the 
effects  delineated  in  section  1.2.  In  order  to  simplify 
the  mechanism  of  bromination,  a  study  of  the  vapour 
phase  bromination  of  three  model  compounds  was  under¬ 
taken.  By  carrying  out  the  reaction  in  the  gas  phase, 
complications  due  to  cage  effects  are  removed,  and 
complexing  between  bromine  and  bromine  (e.g.  Br^*)  or 
the  substrates  or  products  would  be  unimportant  due  to 
the  low  concentrations  normally  used  in  gas  phase 
reactions.  The  vapour  phase  reactions  should  thus  be 
mainly  affected  by  hydrogen  bromide  reversal,  by  polar 
effects,  and  by  elimination,  when  this  can  take  place. 

By  comparison  of  the  results  in  the  vapour  phase  with 
those  obtained  in  solution,  the  importance  and  magnitude 
of  cage  and  complexing  effects  could  then  be  determined. 


A  general  method  for  the  evaluation  of  the 
kinetics  of  the  gas  phase  photobromination  of  alkanes 
and  substituted  alkanes  was  developed,  and  the  method 
was  applied  to  the  bromination  of  cyclohexane,  1-chloro- 
butane  and  1-bromobutane  and  their  perdeuterated 
analogues.  The  bromination  of  cyclohexane,  which  was 
used  as  a  model  alkane,  is  only  influenced  by  reversible 
hydrogen  atom  abstraction,  since  the  cyclohexyl  radical 
is  not  polar,  and  3-elimination  cannot  occur.  The 
relative  rates  of  bromination  of  cyclohexane  and  per- 
deuteriocyclohexane  under  conditions  of  negligible 
reversal  were  also  determined,  so  that  by  comparison  with 

the  analogous  result  in  solution,  the  magnitude  of  the 
cage  effect  on  the  bromination  of  cyclohexane  could  be 
determined. 


1-Chlorobutane  was  studied  to  investigate 
quantitatively  the  effect  of  an  electron  withdrawing 
substituent  on  the  rate  of  reversal  relative  to  that  of 
product  formation.  Since  1-chlorobutane  contains 
different  C-H  bonds,  the  relative  rates  of  abstraction 
of  these  hydrogens  were  also  determined  to  investigate 
the  polar  effect  along  the  molecule  and  establish  the 
importance  of  anchimeric  assistance  in  the  abstraction 
of  the  3“hydrogens.  Elimination  was  not  anticipated  to 
be  important  in  this  reaction,  since  3-chloroalkyl 


radicals  give  alkene  only  at  elevated  (-200°)  tempera™ 

.  21 
tures . 


1-Bromobutane  was  studied  as  model  for  bromo- 
alkanes0  Other  than  polar  and  reversibility  effects, 
elimination  of  bromine  from  the  B-bromobutyl  radicals 
and  anchimeric  assistance  could  be  expected  to  compli™ 


cate  the  bromination. 


RESULTS  AND 


DISCUSSION 


II. 1  Method  for  Determining  Relative  Rates  of  Bromination 

Under  "normal"  bromination  conditions,  reversal 
of  an  alkyl  radical  with  hydrogen  bromide  regenerates 
starting  material,  and  therefore  the  reversal  reaction  can 
only  be  detected  kinetically  or  by  its  stereochemical 
consequences  (e.g.  racemization  of  starting  material,  if 
this  were  optically  active  ) .  In  the  work  on  the  absolute 
rates  of  bromination  of  simple  alkanes,  the  rate  of 
transfer  of  the  alkyl  radicals  with  hydrogen  bromide  was 
determined  from  a  comparison  of  the  rate  of  bromine 

consumption  in  reactions  with  and  without  added  hydrogen 

.  26-31 

bromide . 

The  reversal  reaction  may  be  studied  directly  by 
carrying  out  the  photobromination  of  perdeuterated 
substrates  in  the  presence  of  excess  hydrogen  bromide 


(reactions  18-21). 

Under 

these 

conditions , 

the  ratio  of 

RD 

+ 

Br 

- — R* 

+  DBr 

(18) 

R* 

+ 

DBr  - 

- ►RD 

+  Br  • 

(19) 

R* 

+ 

HBr  ■ 

* 

i 

r 

S3 

+  Br* 

(20) 

36. 


37. 
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R*  +  Br 


2 


RBr  +  Br* 


(21) 


the  rate  of  transfer  of  the  alkyl  radical  with  bromine  and 
with  hydrogen  bromide  is  independent  of  the  concentration 
of  the  alkyl  radical.  When  the  reaction  is  stopped  at  low 
conversion  of  the  perdeuterated  substrate ,  where  multiple 
exchange  (D  for  D  or  H  for  H)  is  not  important,  the  con¬ 
centration  of  deuterium  bromide  will  be  very  small 
compared  to  that  of  hydrogen  bromide;  coupled  with  the 
unfavourable  isotope  effect  for  reaction  19,  this  makes 
reversal  with  deuterium  bromide  uncompetitive  with  reversal 
with  hydrogen  bromide,  and  therefore  reaction  19  may  be 
neglected. 


The  rate  of  formation  of  brominated  product. 


RBr,  relative  to  the  rate  of  formation  of  protiated 
substrate,  RH,  is  given  by  equation  22.  This  expression, 
under  the  conditions  described  above  (high  concentrations 


(22) 


d [RBr] /dt 
d [RH] / dt 


k_x [HBr ] 


of  bromine  and  hydrogen  bromide,  and  low  conversion  of  the 
substrate,  where  the  concentrations  of  the  transfer  agents 
do  not  change  significantly  during  the  reaction),  may  be 
integrated  and  rearranged  to  give  expression  23. 


' 
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k 2  [RBr] [HBr]  (23) 

(  [RH]  f  -  [RH]  °  )  [Br2] 

The  brominations  of  the  perdeuterated 
substrates  were  therefore  run  to  low  conversion.  The 
amount  of  brominated  product  was  determined  by  glpc,  while 
the  amount  of  protiated  substrate  formed  was  determined  by 
a  comparison  of  the  protium  content  after  the  reaction  with 
that  (residual  protium)  in  the  starting  perdeuterated 
substrate  (mass  and/or  nuclear  magnetic  resonance 
spectroscopy) . 

When  a  substrate  has  a  number  of  positionally 
different  deuteriums  (e.g.  l-chlorobutane-dg ) ,  this  method 
will  give  the  ratio  of  transfer  with  bromine  and  with  hydro¬ 
gen  bromide  for  each  position  of  the  molecule,  since  the 
amount  of  product  and  protium  incorporation  at  each  position 
can  be  easily  determined.  For  the  comparison  of  any  two 
positions  in  the  same  molecule  (Scheme  1),  the  ratio  of 
the  rates  of  formation  of  products  from  these  positions 
(e.g.  the  a-  and  y-positions,  see  Scheme  1,  reactions  25 
and  26)  is  given  by  expression  24.  Since  the  concentrations 

d[RaBr]/dt  (k_5/kg  +  [Br2]/[HBr])  (24) 

d[RTBr]/dt  k5  ^k-l^k2  +  tBr2^/fHBr^ 


f  „r 


39c 
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of  bromine  and  hydrogen  bromide  do  not  change 
significantly  during  the  reaction,  equation  24  may  be 
integrated;  substituting  for  k_^ [HBr ] /k^ [B^ ]  from 
equation  23,  and  for  k^^  [HBr]/kg  [B^]  from  a  similar 
expression  for  the  y-  position,  the  integrated  form  of 
expression  24  reduces  to  29,  which  can  easily  be  evaluated 
to  give  the  value  of  the  relative  rates  of  abstraction  of 


[RaBr]  +  [RaH]f  -  [RaK] ° 
k5  [RYBr]  +  [RYH]f  -  [RyH] ° 


(29) 


the  a-  and  y-hydrogens.  Similar  expressions  may  be 
written  to  give  the  relative  rates  of  abstraction  of  the 
3~  and  y-hydrogens,  and  the  6-  and  y-hydrogens. 


The  values  of  the  relative  rates  obtained  by 
this  method  are  those  for  the  perdeuterated  substrate: 
to  apply  these  to  the  non-deuterated  compound,  it  must  be 
assumed  that  analogous  ratios  of  rate  constants  for  the 
compounds  are  the  same,  equation  30.  For  the  ratios  of 


i  H/,  H 
k .  /k  . 
i  j 


kD/kD 
i  D 


(30 


the  transfer  rates  with  bromine  and  with  hydrogen  bromide, 
e.g.  k  /k  (Scheme  1),  this  assumption  implies  that  the 
secondary  deuterium  kinetic  isotope  effects  are  the  same 
for  the  two  transfer  reactions.  This  is  not  unreasonable, 


i  i 
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since  both  reactions  are  exothermic,  and  secondary 
isotope  effects  are  usually  small.  ’  ’  For  the  ratios 

of  the  rates  of  abstraction,  e.g.  k^/k^  (Scheme  1), 
equation  30  assumes  that  primary  and  secondary  isotope 
effects  in  the  abstraction  of  deuterium  are  the  same  at 
all  positions  in  the  molecule.  This  assumption  may  not 
hold,  especially  for  the  a-position,  where  the  C-H  bond 
strength  may  be  affected  by  the  substituent. 

Fortunately,  the  relative  rates  of  abstraction 

may  be  independently  determined  by  carrying  out  the  vapour 

phase  bromination  of  the  protiated  substrate  under 

conditions  where  the  B^/HBr  ratio  is  always  much  larger 

than  unity,  so  that  reaction  4  cannot  compete  with  reaction 

5  (pages  7,8).  This  may  be  done  by  carrying  out  the 

reaction  to  very  low  percent  conversion  of  the  bromine,  or  by 

using  a  large  excess  of  bromine.  Under  these  conditions  the 

relative  rate  of  abstraction  of,  e.g.,  the  a-  and  y- 

22 

hydrogens  (Scheme  1)  is  given  by  equation  31.  The  results 

k±  [RaBr]  (31) 

k5  [RYBr] 

obtained  by  this  method  may  then  be  compared  with  those 
obtained  from  the  kinetics  of  the  perdeuterated  substrate 
to  check  the  validity  of  equation  30. 


. 
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A  second  test  for  the  validity  of  the  relative 
rates  obtained  and  for  the  mechanism  of  bromination 
proposed  in  Scheme  1  is  also  available .  In  the  bromination 
of  a  protiated  substrate  with  a  deficiency  of  bromine  and 
no  initially  added  hydrogen  bromide  ('"normal"  bromination)  , 
equation  24  gives  the  ratio  of  the  rates  of  formation  of 
two  of  the  products.  Since  the  ratio  [B^l/lHBr]  is  a 
monotonic  function  of  time,  using  the  substitution 
[Br^ ] / [HBr ] =x,  the  rate  of  formation  of  any  product  may  be 
expressed  in  terms  of  x  (equation  32),  and  equation  24  may 

d[RBr]/dt  =  (d [RBr] /dx)  (dx/dt)  (32) 


be  rewritten  as  equation  33.  Similar  expressions  can  be 


d [RaBr ] /dx 
d [R^Br ] /dx 


kl  (k_5/k6  +  x) 
k5  (k_i/k2  +  x) 


(33) 


written  for  the  ratio  of  any  two  products.  Expression  33 
cannot  be  integrated  for  "normal"  brominations ,  but  by 
making  use  of  the  relative  rates  obtained  from  the 
bromination  of  the  perdeuterated  substrate,  it  may  be 
evaluated  for  any  value  of  x. 

The  ratio  (equation  33)  may  also  be 

determined  experimentally.  By  determining  the  amount  of 
products  that  are  formed  at  different  stages  of  the 
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bromination  of  the  protiated  substrate  under  normal 

bromination  conditions  (i.e.  at  different  values  of  x) , 

plots  of  the  concentration  of  each  product  against  x  may 

be  constructed,  and  from  the  slope,  the  value  of  d[RBr]/dx 

may  be  determined  for  any  value  of  x.  The  ratio  of  the 

i  n  - 

experimentally  determined  slopes,  (d[R  Br]/dx)/(d[R  Br]/dx) , 
may  then  be  compared  with  the  value  calculated  from 

equation  33;  the  fit  --  or  lack  of  one  —  between  the  two 
values  will  give  an  estimate  of  the  reliability  of  the 
kinetic  data  obtained  and  their  applicability  to  "normal" 
bromination  reactions. 

II. 2  Cyclohexane 


The  photobromination  of  cyclohexane  has  been 

90-93 

studied  by  a  number  of  workers.  The  reaction  has  a 

quantum  yield  of  about  2  at  room  temperature,  and  12-37 

9  3 

at  100°,  and  is  strongly  inhibited  by  oxygen.  The  C-H 
bond  dissociation  energy  for  cyclohexane  is  reported  as 
94.9  kcal./mol,  and  therefore  the  abstraction  of  hydrogen 
by  bromine  atoms  from  cyclohexane  will  be  7.4  kcal./mol 
endothermic  (the  H-Br  bond  dissociation  energy  is  87.5 
kcal./mol32).  The  reversal  reaction  with  hydrogen  bromide 
will  therefore  be  7.4  kcal./mol  exothermic,  and  is  expected 
to  compete  well  with  transfer  with  bromine. 
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The  relative  rate  of  transfer  of  cyclohexyl 
radicals  with  bromine  and  with  hydrogen  bromide  (k_^) 

was  determined  by  running  the  photobromination  of 
perdeuter iocyclohexane  with  excess  bromine  and  excess 

hydrogen  bromide  in  the  vapour  phase.  As  already  noted, 
under  these  conditions,  this  reaction  will  not  be 
complicated  by  any  other  effects. 

II.  2.1  Determination  of  ^2^-1 


Perdeuter iocyclohexane  (99.4  atom  %  D) ,  bromine 
and  hydrogen  bromide  were  placed  in  a  degassed  reaction 
vessel  (5  or  22  1),  see  Table  5.  The  reaction  vessel  was 
all  Pyrex  glass,  and  was  isolated  from  the  vacuum  line  by 
a  high-vacuum  teflon  "Rotaflo'*  stopcock.  After 
equilibration  in  the  absence  of  light,  the  reaction  mixture 
was  photolyzed  with  incandescent  light  at  ambient 
temperature  until  the  perdeuteriocyclohexane  had  reacted 
to  between  2-19%.  The  contents  of  the  vessel  were 
collected  in  the  dark,  and  the  residual  bromine  and 
hydrogen  bromide  were  destroyed  with  aqueous  sodium 
bisulphite.  An  aliquot  of  a  Freon  113  solution  of  an 
internal  standard,  o-dichlorobenzene,  was  added,  the 
organic  material  was  extracted  with  Freon  113,  dried,  and 
analyzed  by  glpc  for  starting  material  and  products. 


The 
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Table  5 

Photobromination  of  Perdeuteriocyclohexane  with  Excess 

Bromine  and  Excess  Hydrogen  Bromide  in  the  Vapour  Phase 


v  i 

UO n C C Ii  i  u  TL 1 0 ii  1 1  f 

2a  3a 

X  «L  U 

4b 

5 

c 

Reactants 

[C6  (dh)121  ° 

22.4 

25.5 

25.2 

109 

110 

[Br2]° 

35.6 

38.8 

37.7 

155 

176 

[HBr ] ° 

150 

283 

36.2 

160 

157 

fC6DllH]° 

1.41 

1.46 

1.58 

6.87 

6.92 

Products0 

[c6(dh)123 

17.3 

22.8 

23.4 

105 

98.6 

[C6D11H] 

8.00 

6.01 

2.11 

7.73 

9.59 

[C6DllBr] 

2.94 

1.50 

1.48 

2.32 

7.60 

[C6DioBr2]d 

1.54 

0.26 

0.00 

0.00 

0.88 

Temperature 

24.0° 

o 

O 

e 

03 

CN 

20.0° 

20.2° 

22.2° 

.  e 

%  Reaction 

18.9 

7.2 

5.9 

2.1 

7.9 

k2A_if 

2.74 

2.88 

2.72 

2.80 

2.89 

aRun  in  22  1  reaction  bulb. 
bRun  in  5  1  reaction  bulb. 

G [C  (DH)  ]  refers  to  the  concentration  of  perdeuterio- 
6  12 

cyclohexane . 

continued. . . . . 
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Table  5  (cont'd . ) 


d 

Sum  of  1,2-  and  1 , l-dibromoperdeuteriocyclohexane . 

0 

Based  on  perdeuteriocyclohexane. 

^Calculated  using  equation  23,  The  amount  of  brominated 
product  was  taken  as  the  sum  of  the  mono-  and  di-bromina- 
tion  products.  The  average  values  of  [B^]  and  [HBr] 
during  the  reactions  were  used;  this  correction  was  only 
significant  when  the  conversion  was  greater  than  10% 

(i.e.  reaction  1). 


' 


material  balance  on  the  recovered  organic  material  was 
always  between  96  and  99%.  The  unbrominated  perdeuterio- 
cyclohexane  was  collected  by  preparative  glpc  and  its 
protium  content  was  compared,  using  mass  and  nuclear 
magnetic  resonance  spectroscopy,  to  that  before  reaction. 

The  isolated  reaction  mixture  showed  no 
detectable  products  other  than  perdeuteriocyclohexane  and 
its  mono-  and  di-bromination  products  (see  Table  5) .  The 
bromination  products  had  the  same  glpc  retention  times  as 
bromocyclohexane ,  trans-1 , 2-dibromocyclohexane ,  and  1,1- 
dibromocyclohexane .  The  mass  spectral  cracking  patterns 
of  these  products,  isolated  by  preparative  glpc,  were 
identical  with  those  of  the  authentic  undeuterated 
compounds,  when  the  m/e  values  were  corrected  for  the 
presence  of  deuterium  instead  of  protium. 

Control  experiments  were  performed  on  known 
mixtures  of  cyclohexane,  bromocyclohexane,  trans-1 ,2- 
dibromocyclohexane ,  bromine  and  hydrogen  bromide.  A 
mixture  corresponding  to  the  final  product  composition 
obtained  in  reaction  1,  Table  5,  was  placed  in  the  vapour 
phase  (22  1  reaction  vessel),  equilibrated  in  the  absence 
of  light  for  1  hour,  reisolated,  and  subjected  to  the 
analytical  procedure.  The  material  balance  on  carbon  was 
98.8%,  while  that  based  on  the  brominated  compounds  was 


. 
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99. 7%.  The  ratio  of  trans-1 , 2-dibromocyclohexane  to  bromo- 


cyclohexane  was  found  to  increase  slightly  (~2%);  however, 
the  material  balance  was  found  to  be  quantitative  within 
the  experimental-  limits  quoted. 

For  the  calculation  of  k^/k_^  (equation  23), 
the  amount  of  bromination  product,  RBr,  had  to  be 
determined.  Since  the  dibrominated  material  must  have 
arisen,  regardless  of  mechanism,  from  the  monobrominated 
substitution  products,  the  extent  of  monobromination  was 
calculated  as  the  sum  of  the  mono-  and  di-brominated 
products.  This  assumption  must  indeed  be  correct,  since 
reactions  yielding  dibromides  (reactions  1,  2,  and  5, 

Table  5)  and  reactions  not  yielding  dibromides  (reactions 
3  and  4,  Table  5)  gave  the  same  average  relative  rate 
constant,  within  experimental  error. 

The  variation  in  the  amount  of  1,2-  and  1,1- 
dibromocyclohexane  obtained  in  these  reactions  does  not 
appear  to  arise  from  a  competition  having  a  constant  ratio 
of  rates  for  the  abstraction  of  hydrogen  from  cyclohexane 
and  bromocyclohexane.  The  relative  rate  of  bromination 
of  bromocyclohexane  and  cyclohexane  is  known  to  depend  on 
the  concentration  of  hydrogen  bromide  in  the  reaction  mix¬ 
ture  (see  Table  3) ,  bromocyclohexane  reacting  faster  than 
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cyclohexane  in  the  presence  of  hydrogen  bromide. 


■ 


While  this  must  be  part  of  the  reason  for  the 
variable  amounts  of  dibromocyclohexanes  formed,  it  does 
not  account  for  the  difference  in  the  amounts  of  dibromides 
in  reaction  5  and  4  or  3  (Table  5).  It  is  possible  that 
an  ionic  (dark)  reaction  was  occuring  in  some  instances 

44 

between  bromocyclohexane  and  bromine  and  hydrogen  bromide 
in  the  condensed  phase,  i.e.  when  the  material  was  in  the 
liquid  phase  prior  to  isolation.  This  is  supported  by  the 
slight  increase  in  the  ratio  of  1 , 2-dibromocyclohexane  to 
bromocyclohexane  in  the  control  reaction  described  above. 

As  discussed  previously,  the  production  of  dibrominated 
products,  irrespective  of  the  mechanism,  will  not  affect 
the  relative  rate  data  reported. 

The  relative  rates  of  transfer  of  perdeuterio- 
cyclohexyl  radicals  with  bromine  and  with  hydrogen  bromide 
were  calculated  using  equation  23;  the  average  value  was 
2 . 81±0 . 06 ,  and  no  dependence  on  the  [Br2l/[HBr]  ratio 
(from  1:0.9  to  1:7)  was  detected.  The  temperature  at 
which  the  reactions  were  carried  out  varied  from  20°  -  28°; 
the  difficulty  in  controlling  the  temperature  of  the 
large  vessels  used  for  the  reactions  was  worrysome. 

However,  our  rates  are  relative  rates,  which  should  both 
increase  with  increasing  temperature,  and  the  average  of 
five  determinations  did  not  deviate  by  more  than  ±2%  over 
the  8°  temperature  range  used.  It  seems  therefore 
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justified  to  assume  that  the  value  of  the  relative  rates 
of  transfer  in  these  reactions  is  insensitive  to 
temperature  over  this  small  temperature  range. 

The  results  show  that  26%  of  the  perdeuterio- 
cyclohexyl  radicals  transfer  with  hydrogen  bromide  when 
the  concentrations  of  hydrogen  bromide  and  bromine  are 
equal.  The  ratio  k2/k_^  is  expected  to  be  the  same  for 
perdeuteriocyclohexyl  radicals  and  cyclohexyl  radicals 
(see  page  40);  in  the  bromination  of  cyclohexane  under 
"normal"  bromination  conditions,  where  the  Br^/HBr  ratio 
is  less  than  unity  at  more  than  50%  conversion  of  the 
bromine,  a  significant  amount  of  the  radicals  will  there 
fore  regenerate  starting  material. 

II. 2. 2  Comparison  of  Vapour  and  Liquid  Phase  Values 

of  ^2/k_1 


The  value  of  k2/k_^  was  determined  in  Freon  113 
solution  in  these  laboratories  in  a  study  parallel  to  this 
one.  Unlike  the  vapour  phase  result,  k2//k-l  was  found  to 
be  variable  and  dependent  on  the  relative  concentrations 
of  bromine  and  hydrogen  bromide  (Table  6);  k2/k_^  varied 
from  1.13  ([Br2]/[HBrJ  =  0.7)  to  0.31  ( [ Br 2 ] / (HBr ]  =  25), 
and  was  always  smaller  than  the  vapour  phase  value.  The 
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Table  6 

Relative  Rates  of  Transfer  for  Perdeuteriocyclohexane  in 

Freon  113  Solution  (30.0  ±  0.1°)a'b 


EC6D1210 

[Br2]° 

[HBr ] ° 

[Br2]/[HBr] 

k2/k_ic 

2.05 

5.21 

3  c  77 

1.4 

0.84 

1.30 

1.46 

2.14 

0.7 

1.13 

2.11 

5.40 

3.87 

1.4 

0.78 

2.32 

22.9 

3.22 

7.1 

0.36 

1.46 

58.9 

2.37 

25 

0.31 

aTaken  from  ref.  95c 

b  2 

dA11  concentrations  M  x  10  . 

cCalculated  from  equation  23. 


' 
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reversal  reaction  is  thus  more  important  in  solution  than 
in  the  vapour  phase,  and  it  dominates  the  solution  phase 
reaction  (up  to  76%  of  the  radicals  reversing  with  hydrogen 
bromide)  when  the  bromine  concentration  is  much  larger 
than  the  hydrogen  bromide  concentration  (see  Table  6)« 

The  difference  between  the  vapour  phase  and 

liquid  phase  results  and  the  variability  of  the  ratio 

^2^-1  s°luti°n  were  intriguing.  These  may  be  due  to 

solvent  effects  on  the  relative  rates  of  transfer  of 

perdeuteriocyclohexyl  radicals  in  solution,  these  effects 

being  more  pronounced  as  the  solvent  polarity  was  increased 

by  the  increasing  amounts  of  molecular  bromine.  This  is 

not  likely,  however,  since  no  solvent  effects  have  been 

6  18  21  22 

reported  for  brominations  with  molecular  bromine.  '  '  ' 

Further,  even  if  there  were  any,  they  are  expected  to 

cancel  out  in  the  ratio  k2/k_^  since  both  transfer  reactions 

19 

are  bimolecular.  The  transition  state  for  these  reactions 
should  not  show  much  difference  in  polarity  either,  since 
both  reactions  are  exothermic  and  perdeuteriocyclohexyl 
radicals  themselves  have  no  appreciable  dipole  moment. 

A  possible  major  difference  between  reactions 
run  in  the  vapour  and  in  the  liquid  phases  could  be  the 
occurance  of  cage  reactions  in  the  latter  phase.  However, 
perdeuteriobromocyclohexane  and  protiated  perdeuterio- 


/ 
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cyclohexane  were  both  formed  from  "free"  perdeuterio- 
cyclohexyl  radicals,  unless  cage  scavenging  (by  bromine 
and/or  hydrogen  bromide)  was  taking  place.  Since  the 
concentration  of  hydrogen  bromide  was  kept  nearly  constant 
in  the  liquid  phase  reactions  (Table  6),  cage  scavenging, 
if  important,  should  have  been  most  pronounced  in  the 
reactions  having  the  highest  bromine  concentrations.  Cage 
scavenging  by  bromine  would  result  in  an  apparently 
increased  value  of  the  rate  constant  k^r  and  consequently 
would  increase  the  calculated  value  of  the  ratio  k2/k_^, 
rather  than  decrease  it,  as  was  actually  observed. 

If  it  is  assumed  that  the  relative  rates  of 

transfer  with  bromine  and  with  hydrogen  bromide  in  the 

vapour  and  liquid  phase  are  the  same,  the  lower  value  of 

the  ratio  in  solution  implies  that  transfer  with  a  species 

other  than  hydrogen  bromide  was  occurring  at  a  faster 

rate  than  transfer  with  hydrogen  bromide  to  produce 

protiated  perdeuteriocyclohexane.  The  alternative 

explanation  —  that  the  bromine  concentration  in  solution 

was  actually  lower  than  thought  —  was  not  considered 

likely,  since  it  would  require  an  unprecedented  self-corn- 

5  6 

plexing  of  bromine,  with  a  very  large  equilibrium  constant. 

An  attractive  proposal  to  explain  why 
perdeuteriocyclohexyl  radicals  reverse  more  in  solution 
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than  in  the  gas  phase  is  that  the  transfer  agent  in 
solution  is  a  complex  of  hydrogen  bromide  and  molecular 
bromine  (reaction  34),  and  that  the  rate  constant  for  this 
process,  reaction  35,  is  larger  than  that  for  transfer 


HBr  +  Br. 


HBr . 


k 


C6D11*  +  HBr3 


C,D. .  H  +  Br.  +  Br- 
6  11  2 


(34) 

(35) 


with  hydrogen  bromide.  Complexes  of  the  type  HX^  are  well 

established  for  bromine,61,62  chlorine96  and  iodine;97,98 

the  equilibrium  constant  for  the  formation  of  the  iodine 

complex  has  been  reported  to  be  between  25  -  400  1/mol 

97 

(CCl^,  25°),  and  solid  hydrogen  tribromide  was  isolated 

6  2 

by  cooling  solutions  of  bromine  in  hydrobromic  acid. 


If  equations  34  and  35  are  included  in  the 
mechanism  used  to  derive  the  relative  rates  of  appearance 
of  products  (RBr  and  RH)  in  solution,  expression  22 
becomes  equation  36.  Integration  of  36  and  rearrangement 
gives  37.  This  expression  may  be  evaluated  to  give  the 


d [RBr ] /dt 
d [RH] /dt 


k2  ([Br2]°  -  [HBr33 ) 
k_j  (  [HBr ]  °  -  [HBr3])  +  k^  [HBr^ 


(36) 


[RBr]  k_x  [Br2]°  -  [HBr  ] 

-  ©  ■  .  -  C”  .  ■  ■  ■  ■  ■  '  ■  ■■■  '  ■  -  ■  ■■  -  ■  1  ■  ■  -  —  i  mm  m  ■  '  i  -  -  —.mm 

A  [RH]  k2  [HBr ]  °  -  [ HBr 3 ]  +  [HBr3]  k]_1/k_1 


(37) 


■  ■  "  1  **' 
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ratio  k^/k  f  the  relative  rate  of  transfer  of 
perdeuteriocyclohexyl  radicals  with  hydrogen  tribromide 
and  hydrogen  bromide,  using  the  vapour  phase  value  for 
k2/k_^  if  the  concentration  of  hydrogen  tribromide  was 
known.  A  study  of  Freon  113  solutions  of  bromine  and 
hydrogen  bromide  was  therefore  undertaken. 

Solutions  of  hydrogen  bromide  in  Freon  113 
with  and  without  added  molecular  bromine  were  studied  by 
uv  and  ir  spectroscopy;  no  bromine  induced  shift  could 
be  observed  in  the  ir  spectrum  of  hydrogen  bromide,  and 
hydrogen  bromide  produced  no  shift  in  the  position  of  the 
bromine  absorption  in  the  visible  spectrum.  The  solutions 
were  therefore  studied  by  nuclear  magnetic  resonance 
spectroscopy . 

II. 2. 3  NMR  Method  for  Determining  Complex  Formation 

Association  between  two  molecules  (e.g.  reaction 
34)  can  be  readily  studied  by  nmr  spectroscopy  in  two 
limiting  cases.  In  the  case  of  slow  exchange  of  the 
proton  between  the  two  molecules,  separate  signals  will  be 
observed  for  HBr  and  HBr 3 ,  and  their  concentration  may 
be  evaluated  independently.  When  rapid  exchange  takes 
place,  only  a  single,  population-weighted  average  shielding 
will  be  observed,  the  position  of  which,  6,  is  given  by 
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equation  38,  where  and  n ^  are  the  mole  fractions  of 


6  =  5lnl  +  i2n2 


(38) 


of  HBr  and  HBr^  respectively,  and  5^  and  6^  are  the 
positions  of  the  signals  of  the  proton  in  HBr  and  HBr^. 
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To  observe  both  associated  and  unassociated  states  in  an 

equilibrium  of  the  form  of  equation  34,  the  lifetime  of 

each  state  must  be  longer  than  the  reciprocal  of  the 

difference  in  chemical  shift  (expressed  in  frequency  units) 

between  HBr  and  HBr^«  For  a  typical  difference  of  500  Hz, 

-3 

lifetimes  greater  than  10  second  would  be  required  to 
observe  separate  signals  for  the  two  species.  As  the 
lifetimes  become  shorter,  the  increased  exchange  rate 
results  in  a  broadening  of  the  separate  signals  which 
coalesce  into  the  single  peak  given  by  equation  38  when 
the  lifetime  reaches  the  value  V2/2ttA,  where  A  is  the 

separation  of  the  two  signals  in  Hz  in  the  absence  of 

.  100 
exchange . 

II. 2. 4  NMR  Study  of  Freon  113  Solutions  of  HBr  and  Br? 


The  hydrogen  bromide  proton  was  found  to  absorb 
at  356.2  ±  0.4  Hz  above  TMS  in  Freon  113  at  32. 8° ,  and  at 
355.4  ±  0.8  at  23°  (100  MHz  proton  nmr  spectrum).  The 

solubility  of  hydrogen  bromide  in  Freon  113  is  unfortunately 
103  and  therefore  the  position  of  absorption 


rather  low, 


I 


- 
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could  only  be  studied  over  a  small  range  of  concentrations 

(Table  7).  No  concentration  dependence  was  evident: 

this  appears  to  negate  the  occurrance  of  self -association 

of  hydrogen  bromide  in  Freon  113,  in  agreement  with  the 

report  of  Martin  and  Fujiwara  that  no  self-association 

of  hydrogen  bromide  takes  place  in  dichloromethane  or  in 

102 

1,1,2, 2-tetrachloroethane . 

A  pronounced  temperature  dependence  of  the 
shielding  of  the  hydrogen  bromide  proton  was  observed 
(Table  8).  The  data  gave  a  straight  line  plot  (Figure  1), 
and  shows  a  temperature  dependence  of  0.194  Hz/°C 
(equation  39).  This  dependence  is  intermediate  between  the 

6  =  0.194T  +  350.1  (r  =  0.999)  (39) 

value  repprted  in  the  gas  phase  (0.013  Hz/°C)‘*'^  and  in 
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dichloromethane  solution  (0,447  Hz/°C) . 

Solutions  of  hydrogen  bromide  in  Freon  113  with 
added  molecular  bromine  showed  a  downfield  shift,  the 
magnitude  of  which  depended  on  the  bromine  concentration 
(Table  9),  in  aggreement  with  the  idea  of  a  complex 
formation  between  the  two.  The  shift  was  27.8  Hz  when  the 
solution  was  3  M  in  bromine.  To  ascertain  that  the  shift 
was  due  to  complex  formation,  and  not  a  solvent  shift  due  to 
added  bromine,  the  bromine  induced  shift  of  the  shielding 
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Table  7 

Concentration  Dependence  of  the  Hydrogen  Bromide  Proton 

3. 

Absorption  in  Freon  113 


[HBr] ,  M  6b,  32.8°  Sb,  23.0° 


0.0205 

357.0 

0.0509 

357.0 

357.3 

0.0681 

355.9 

354.5 

0.0764 

355.7 

355.4 

0.0814 

356.5 

354.7 

0.0925 

355.3 

355.1 

0 . 0955C 

356.1 

0.0963 

356.0 

0.0981 

356.4 

0.1510d 

357.7 

aTMS  internal  standard;  all  spectra  run  on  a  Varian  HA  100 
spectrometer . 

bReported  in  Hz  upfield  from  TMS;  the  average  value  was 
356.2  ±  0.4  Hz  at  32.8°  and  355.4  ±  0.8  Hz  at  23.0  . 
cThe  solution  was  0.1  M  in  cyclohexane. 


continued. . . . . 


Table  7  (cont'd.) 


The  reported  concentration  is  calculated  from  the  amount 
of  hydrogen  bromide  added;  probably  not  all  the  hydrogen 
bromide  was  in  solution,  since  the  solubility  of  hydrogen 
bromide  in  Freon  113  at  30°  is  ~0.1  M*  This  value  was  not 
used  in  the  calculation  of  the  average  value  of  the 
absorption  quoted  in  footnote  b. 


■ 
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Table  8 

Temperature  Dependence  of  the  Hydrogen  Bromide 

cl 

Proton  Absorption 


Temperature,  °C  6° 


30.5 

356.0 

25.0 

354.7 

20.0 

354.0 

15.0 

353.0 

h-* 

O 

o 

352.3 

0.0 

350.5 

-10.0 

348.2 

”20.0 

346.2 

”30.0 

344.1 

a0d02  M  hydrogen  bromide  in  Freon  113,  1%  in  TMS. 
h 

Measured  on  a  Varian  HA  100  spectrometer,  Hz  upfield  from 


TMS  „ 
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Fig.  1.  Temperature  Dependence  of  the  Hydrogen  Bromide  NMR 
Absorption  (100  MHz ,  Freon  113,  TMS  internal  reference) 
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Table  9  (cont’d 
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of  2 , 2-dimethylpropane  in  Freon  113  was  studied  (Table  10) . 
A  small  downfield  shift  was  observed,  up  to  0.5  Hz  in  3  M 
bromine  solution.  The  results  in  Table  9  gave  a  straight 
line  plot  (equation  40).  Since  the  shift  was  within  the 

6  =  93.2  -  0.174 [Br 2 ]  (r  =  0.998)  (40) 

experimental  error  in  the  position  of  the  hydrogen  bromide 
absorption,  any  "solvent"  shift  could  be  neglected. 

Figure  2  shows  the  effect  of  added  bromine  on 
the  shielding  of  the  hydrogen  bromide  proton  in  Freon  113 
at  32.8  ±  0.2°  and  23.0  ±  0.2°.  The  curve  is  smooth  and 
approaches  an  asymptotic  value  as  the  bromine  concentration 
increases,  as  expected  for  the  formation  of  a  complex 
between  hydrogen  bromide  and  bromine  (equation  41) . 

K  =  [HBr3]/([Br2]°  -  [HBr 3] )  (  [HBr ] 0  -  [HBr3])  (41) 


The  value  of  the  equilibrium  constant  K  could  not 
be  determined  directly  since  the  concentration  of  "free" 
bromine  in  the  solutions  was  not  known  initially.  Two 
methods  were  used  to  get  the  value  of  K.  In  the  first 
method,95  the  maximum  shift  observed  (27.8  Hz)  was  assumed 
to  be  that  of  hydrogen  tribromide;  using  this  value  for  63 
in  equation  38,  a  set  of  values  for  the  equilibrium  constant 
were  determined  (equation  34).  From  the  average  of  these 
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Table  10 


Bromine  Induced  Shift  of  the  Shielding 

of  2 , 2-Dimethlpropanea 


tC5H12]' 

M 

[Br2l 

«b 

0.0795 

0.00 

93.2 

0.0781 

0.1188 

93.2 

0.0779 

1.088 

93.0 

0.0781 

2.936 

92.7 

aIn  Freon  113 

at  32.8°. 

100  MHz 

spectra. 

^Hz  downfield 

from  TMS 

(internal 

standard) . 

* 
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Fig.  2.  Bromine  Induced  Shift  of  the  100  MHz  NMR  Absorption  of  Hydrogen 
Bromide  (Freon  113,  TMS  internal  reference;  •  at  32.8°.  x  at  23  0°) 
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values,  the  amount  of  hydrogen  tribromide  in  the  solution 
with  the  maximum  shift  was  calculated,  and  this  used  to 
give  a  new  value  for  6^.  The  new  value  of  6^  was  used  to 
calculate  a  new  set  of  values  for  K,  and  the  process  was 
repeated  until  a  constant  average  value  of  K  was  obtained 
(see  Table  9).  This  method  gave  an  average  value  of  K  of 
2.8  ±  0.3,  and  the  position  of  the  hydrogen  tribromide 
shielding  was  324.9  Hz  above  TMS  at  32.8°;  the  corresponding 
values  at  23°  were  2.8  ±  0.3,  and  325.4  Hz  above  TMS. 

In  the  second  method,  the  Bernesi-Hildebrand- 

Scott  (BHS )  equation  (equation  42)  was  used  to  calculate  the 

shielding  of  the  complex  and  the  value  of  the  equilibrium 
104  105 

constant.  '  .  In  the  BHS  equation,  A  is  the  shift  of 

[Br 9 ]  [Br  ]  1 

- - ±—  =  - +  -  (42) 

A  A  KA 

c  c 

the  observed  absorption  of  a  solution  containing  bromine  and 

*  hydrogen  bromide  from  that  of  hydrogen  bromide,  Ac  =  <$HBr 

-6  .  Again,  an  iterative  procedure  was  used.  Initially 

HBr3 

the  total  bromine  concentration,  [Br2]°  (Table  9),  was  used 

to  approximate  the  concentration  of  the  free  bromine,  [Br2], 

and  the  value  of  A  ,  determined  from  a  least  squares  fit  to 

c 

the  BHS  equation,  can  be  used  to  arrive  at  a  better  estimate 

of  [Br0 ] ,  since  [Br9]  is  given  by  equation  43.  These 
2  ■*- 


tx*  ir.  t*  ^  aiirte  «<»  0*lv 
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[Br 2 ]  =  [Br2]°  -  (A/ A^)  [HBr] °  (43) 

values  of  [B^]  can  be  used  for  a  second  BHS  analysis, 

yielding  better  values  of  A  ,  and  so  on  to  self  consistency. 

o 

The  BHS  analysis  gave  a  value  for  K  of  3.0  ±  0.2,  and  the 
hydrogen  tribromide  shielding  was  325.5  Hz  above  TMS  at 
32.8°,  while  at  23°  K=  2.8  ±  0.3  and  the  hydrogen 
tribromide  shielding  was  325.5  Hz  above  TMS. 

These  results  show  that  complex  formation  takes 
place  between  bromine  and  hydrogen  bromide  in  Freon  113 
solution.  However,  inherent  in  the  nmr  method  for  the 
calculation  of  the  maximum  shift  by  either  method  is 
the  assumption  that  the  chemical  shift  of  complexes  of 
higher  order  in  bromine  than  HBr^  (equation  44)  have 

Br~  Br? 

HBr-,  +  Br „ - ►  HBr„  - — 4*  HBr-;  — ^  etc.  (44) 

3  Z  d  / 

approximately  the  same  chemical  shift  as  HBr 3?  since  it  has 

been  proposed  that  in  aqueous  solution  complexes  of  the  type 

61  62 

HBr,-  and  HBr^  are  formed  at  high  [B^l/tHBr]  ratios.  1 
This  seems  to  be  a  valid  assumption  since  when  the  value  of 
K  was  computed  (by  the  first  method)  by  iterative  treatment 
of  the  data,  using  only  the  solutions  whose  [ Br2 ] / [ HBr ] 
ratio  was  less  than  five  (see  Table  9),  the  calculated  value 
of  K  at  32.8°  was  2.8  ±  0.3,  and  the  shielding  of  hydrogen 


. 
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tribromide  was  324.0  Hz  above  TMS,  in  very  good  agreement 
with  the  values  determined  using  all  the  data  in  Table  9. 

II. 2. 5  Transfer  with  Hydrogen  Tribromide  in  Solution 

Using  the  value  of  the  equilibrium  constant 
determined  by  nmr,  the  concentrations  of  hydrogen  tribromide 
in  the  liquid  phase  photobrominations  of  perdeuteriocyclo- 
hexane  with  excess  bromine  and  excess  hydrogen  bromide 
(Table  6)  could  be  determined.  Assuming  that  the  rate  of 
transfer  of  perdeuteriocyclohexyl  radicals  with  bromine 
relative  to  that  of  transfer  with  hydrogen  bromide, 
k^/k^,  was  not  significantly  effected  by  solvent  effects, 
equation  37  was  used  to  determine  the  value  of  the  relative 
rate  of  transfer  of  these  radicals  with  hydrogen  tribromide 
and  with  hydrogen  bromide,  k^/k_^.  The  average  value  of 
this  ratio  was  found  to  be  21.8  ±  6.7;  this  calculation 
further  assumed  that  at  high  ratios  of  bromine  to  hydrogen 
bromide,  the  rates  of  transfer  with  complexes  of  the  type 
HBr^,  HBr^,  HBr ^  are  quite  similar  (if  higher  complexes  are 
important) . 


By  combining  the  vapour  phase  value  for  ^/k^ 
and  the  calculated  value  for  k_|_1/k_1  (equation  45),  the 
relative  rate  of  transfer  of  perdeuteriocyclohexyl  radicals 
with  bromine  and  with  hydrogen  tribromide  can  be  calculated 
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k2/k-l  =  (k2/k-l)VP/(kll/k-i)  (45) 

as  0.13  ±  0.04,  i.e.  reversal  with  hydrogen  tribromide 
is  favoured  over  transfer  with  bromine  by  a  factor  of  8 . 
This  accounts  for  the  variability  of  the  value  of  k9/k_1 
in  solution  calculated  from  expression  23,  since  increasing 
the  bromine  concentration  necessarily  increases  the 
concentration  of  hydrogen  tribromide  and  makes  reversal 
more  important. 

These  results  show  that  reversal  in  liquid  phase 
bromination  reactions  will  be  even  more  important  than 
expected,  and  will  always  occur  to  larger  extents  than  in 
the  vapour  phase,  where  the  low  concentrations  normally 
used  make  complex  formation  unimportant.  It  would  therefore 
appear  that  the  lower  ratio  of  k2/k_1  in  solution  compared 
to  the  vapour  phase  value  is  fundamental  to  brominations 
in  solution. 

11,2,6  Cage  Effect  in  the  Bromination  of  Cyclohexane  and 

Perdeuteriocyclohexane 


Under  the  conditions  used  for  the  bromination  of 
perdeuteriocyclohexane,  the  presence  of  a  cage  reaction 
could  not  be  detected  since  in  solution,  the  ratio  of 
products  (RBr  and  RH)  depends  on  the  "free"  perdeuterio- 
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cyclohexyl  radicals.  One  way  cage  return  may  be  studied 
is  in  competitive  brominations  (inter—  or  intra¬ 
molecular),  where  cage  filtering  will  produce  a  change 
in  the  relative  'reactivities  in  solution  compared  to  the 
vapour  phase  (cf.  section  1.2.2).  A  study  of  the  relative 
rates  of  bromination  of  cyclohexane  and  of  perdeuterio- 
cyclohexane  was  therefore  undertaken. 

Under  conditions  were  no  external  reversal  takes 
place,  if  cage  reversal  is  important,  two  mechanisms  can 
be  formulated  for  the  gas  and  liquid  phase  brominations, 
Schemes  2  and  3  respectively.  The  rate  of  disappearance 
of  cyclohexane  relative  to  that  of  perdeuteriocyclohexane 
from  Scheme  2  is  given  by  equation  46,  which  may  be 

d^C6H12^//dt  __  kl^C6H12] 

n  (4  6) 

d^C6D12^dt  kl^C6D12^ 

H  D 

integrated  to  give  the  ratio  J^/k^  (equation  47).  For  the 
k”/k°  =  ln([C6H12)  V[C6H12])/ln([C6D12]  °/[C6D12]  )  (47) 

solution  case,  Scheme  3,  the  corresponding  two  equations  are 

c  c 

48  and  53,  where  [HBr]  and  [DBr ]  are  the  cage  concen¬ 
trations  of  hydrogen  and  deuterium  bromide  respectively. 

d[C6H12)/dt  k!j*  (k^  [DBr  ]  C  +  k°) 

k?  <k-i  [HBr]  c  +  k“) 


d[C6Di2l/dt 


(48) 


7  3  e 


(50) 


Scheme  3 


(51) 
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(k"/k^)S°^  ln([C6H12]  °/[C6H12]) 

In  ( tc6D12' 0//  ^C6D12^  ' 

k^  (k^x  [DBr]  c  +  k°) 
k^ (k^x [HBr ] C  +  k") 


Since  the  rate  of  diffusion  may  be  assumed  to  be 
proportional  to  the  inverse  square  root  of  the  molecular 
weight,  and  are  very  nearly  the  same,  and  equation 

53  may  be  rewritten  as  equation  54.  This  equation  predicts 


(k^tHBr]0  +  kd)  k“  x 

(kfd [DBr] c  +  kd)  k®  (k”/k°)so1 


(54) 


that  the  rate  of  bromination  of  cyclohexane  relative  to 

that  of  perdeuteriocyclohexane  in  solution  in  the  absence 

of  external  reversal  will  be  smaller  than  the  relative  rate 

H  D 

in  the  vapour  phase,  since  k_d  is  bigger  than  k_1»  Also, 

if  there  are  negligible  solvent  effects  on  the  relative 

H 

rates  of  abstraction,  the  cage  effect,  CD  defined  as 
(k^x  [HBr]  C  +  kd)/ (k^  [DBr] C  +  kd),  may  be  determined  from  a 
comparison  of  the  vapour  and  liquid  phase  results 
(equation  54). 

The  relative  rate  of  bromination  of  cyclohexane 
to  that  of  perdeuteriocyclohexane  was  determined  in  the 


' 
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vapour  phase  using  a  sufficiently  high  concentration  of 

bromine  so  that  reversal  of  the  radicals  formed  would  not 

compete  with  transfer  with  bromine .  The  reactants  and 

Freon  112  (internal  standard)  were  introduced  into  a  5  1 

reaction  bulb,  equilibriated  in  the  dark,  and  then 

photolyzed  until  at  least  12%  of  the  perdeuteriocyclohexane 

had  reacted.  The  contents  of  the  bulb  were  collected,  the 

excess  bromine  destroyed,  and  the  organic  material  extracted 

with  Freon  113,  the  solution  dried  and  then  analyzed  by 

glpc  to  determine  the  amount  of  reaction  of  each  substrate 

(Table  11).  Mass  spectral  analysis  of  the  unbrominated 

substrates  before  and  after  the  reaction  confirmed  the 

absence  of  reversal  (Table  12).  Since  abstraction  of 

deuterium  from  perdeuteriocyclohexane  involves  contributions 

from  both  a  and  3  secondary  deuterium  isotope  effects,  the 

intermolecular  isotope  effect  (kR/k  )  cannot  be  determined, 

37  88  89 

and  although  these  effects  are  small,  '  '  the  values 

obtained  are  reported  as  k^/k^  and  not  kH/kD  (Table  11). 

The  relative  rate  of  bromination  was  calculated 
from  equation  47,  and  was  found  to  be  5.4  ±  0.1,  and  the 
ratio  was  independent  of  the  concentration  of  bromine  used. 
This  value  is  much  larger  than  the  isotope  effect  of  2.4 
(80°)  reported  by  Urry  for  cyclohexane-d^  which  was 
obtained  in  solution  and  probably  under  reversible 
conditions. 36  The  value  kRR/kRD  was  also  studied  in  these 
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Table  11 


Competitive  Photobromination  of  Cyclohexane  and 

Perdeuteriocyclohexane  in  the  Vapour  Phase5 


Reaction 

# 

■Concentration,  M 
[C6D12 1 °  [Br2]0 

v  i  n5 

^  kRH//kRD 

/[C6H12]° 

x  1 U 

[C6H12'1 

[C6D12]N 

1 

5.25 

5.10 

41.1 

0.560 

3.30 

5.14 

2 

5.25 

5.10 

41.1 

1.35 

3.98 

5.48 

3 

5.25 

5.10 

41.1 

1.20 

3.88 

5.40 

4 

5.25 

5.10 

80.8 

2.26 

4.38 

5.54 

5 

5.25 

5.10 

81.3 

0.985 

3.73 

5.35 

aAll  reactions  were  run  in  a  5  1  reaction  vessel  at  21°. 
^Calculated  using  equation  47;  the  average  was  5.38  ±  0.11. 


77 


Table  12 

Isotopic  Composition  of  the  Parent  Ions  from 
Cyclohexane  and  Perdeuteriocyclohexane 
Before  and  After  Bromination 


Reactio 

# 

M+ 

o_ 

M+,  % 
d2 

11  / 

d12 

JYL 

dn 

f  o 

d10 

d9”d^  ^d12  d3 

dl 

94.0 

6.0 

0.0 

0.0 

0.0 

0.0 

0.0 

100.0 

93.7 

6.0 

0.3 

0.0 

0.0 

0.0 

0.0 

100.0 

93.7 

6.3 

0.0 

0.0 

0 . 0 

0.0 

0.0 

100.0 

1 

93.8 

6 . 0 

0.2 

0.0 

0.0 

0.0 

0.0 

100.0 

2 

94.0 

5.8 

0.2 

0.0 

0.0 

0.0 

0.0 

100.0 

4 

,93.9 

6.1 

0.0 

0.0 

0.0 

0.0 

0.0 

100.0 

a 

Run  on 

an  AE I 

MS9  mass  spectrometer  at 

10-12 

ev; 

values 

13 

reported  are  corrected  for  C  natural  abundance. 
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laboratories  in  Freon  113  solution  under  various 

5  5 

conditions  (Table  13),  The  ratio  was  found  to  depend  on 
the  concentration  of  bromine  used.  Under  "normal" 
bromination  conditions  (first  two  reactions  in  Table  13), 
k orj/k--  was  3.1  (21°).  Mass  spectroscopy  showed  that 

extensive  reversal  has  occurred,  and  therefore  this  low 
result  was  due  to  both  external  and  internal  reversal. 

As  the  concentration  of  bromine  was  increased,  so 
that  the  ratio  of  bromine  to  hydrogen  bromide  increased,  the 
amount  of  external  scrambling  was  reduced,  and  above  0.07  M 
bromine,  when  the  ratio  [Br^J/tHBr]  was  always  greater  than 
15,  external  reversal  was  eliminated  (Table  13) ,  and 

kRl/kRD  Was  found  to  be  4-3  ±  0.1.  The  difference  between 
5.4,  the  vapour  phase  result,  and  4.3  was  attributed  to  cage 
reversal.  From  equation  54,  the  cage  effect  C^,  is  found  to 
be  0.80,  showing  that  cage  filtering  of  the  cyclohexyl 
radicals  takes  place  to  a  higher  extent  than  that  for 
perdeuteriocyclohexyl  radicals,  as  expected. 

When  the  concentration  of  bromine  was  increased 
to  7.7  M,  it  was  anticipated  that  the  observed  value  of 
kRH/kRD  would  increase  due  to  cage  scavenging  of  the 
radicals  by  the  high  concentration  of  molecular  bromine. 


■ 
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Table  13 


Competitive  Photobromination  of  Cyclohexane  and 


Perdeuteriocyclohexane  in  Freon  113 


a,  b 


EC6H1210  EC6D12] 


732 

726 

732 

726 

4.96 

5.04 

4.75 

4.83 

4.75 

4.83 

5.61 

5.71 

5.61 

5.71 

4.91 

4.99 

4.91 

4.99 

4.79 

4.87 

4.79 

4.87 

23.2 

22.8 

23.2 

22.8 

23.2 

22.8 

23.2 

22.8 

23.2 

22.8 

[Br2]° 

External 

Reversal0 

652 

Observed6 

652 

s 

Observed 

33.6 

f 

Observed 

68.6 

None 

68.6 

None 

103 

103 

< — „ 

149 

None 

149 

None 

1030 

1030 

None 

3630 

3630 

7710 

— — 

7710 

—— 

7710 

— — 

kRH/kRDd  Average 
kRH^kRD 


3.10  ) 

[  3.12  ±  0.02 

3.13  ) 

3.65 

4.73  ) 

>  4.52  ±  0.21 
4.31  ) 

4.36  ) 

[  4.21  ±  0.16 
4.05  > 

4.19  ) 

[  4.34  ±  0.14 
4.48  ' 

4.15  ) 

[  4.14  ±  0.02 
4.12  ) 

4.22  ) 

[  4.32  ±  0.10 
4.42  > 

4.42  * 

4.50  / 

>  4.67  ±  0.17 
4.77  V 


continued. . . . . 
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Table  13  (cont'd. ) 


[c6hi2] 

*  EC6°12 

]°  [Br?]° 

External 

Reversal0 

kRH//kRDd  Average 

kRH//kRD 

23.2 

22.8 

7710 

—  — 

4.79 

23.2 

22.8 

7710 

4.86 

1 

23.2 

22.8 

10200 

—— 

5 . 05g 

| 

23.2 

22.8 

10200 

5 . 4  9g 

I 

5.34  ±  0.25 

23.2 

22.8 

10200 

— — 

5 . 69g 

23.2 

22.8 

10200 

— 

5 .  llg 

180 

190 

18300 

—  — 

5 . 07g  , 

180 

190 

18300 

None 

5 . 72g 

5.33  ±  0.20 

186 

190 

18200 

— — 

5 . 30g 

186 

190 

18200 

— — 

5 . 23g 

aTaken 

from  ref. 

55.  All 

reactions  were 

run  at 

21°. 

Concentrations  M  x  103. 

cReactions  with  blank  entries  were  not  checked  by  mass 
spec trome try c 

Calculated  from  Equation  47. 

Approximately  10%  incorporation  observed. 

.p 

Approximately  0.3%  incorporation  observed. 
gRun  in  liquid  bromine  solvent. 
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In  their  study  of  the  competitive  rates  of  bromination  of 
alkanes  and  substituted  alkanes.  Tanner  et  al.^  found  that 
the  rate  of  bromination  of  electronegatively  substituted 
alkanes  decreased  relative  to  that  of  the  parent  alkanes  as 
the  bromine  concentration  increased,  see  Table  3.  This  was 
attributed  to  the  supression  of  both  internal  and  external 
reversal  with  hydrogen  bromide  at  the  high  bromine  concen¬ 
trations. 


As  the  concentration  of  bromine  in  the  solution 

competitive  brominations  was  increased  further,  k_.u/kor. 

increased,  showing  that  not  only  was  external  reversal 

eliminated,  but  scavenging  from  the  cage  becomes  observable . 

When  liquid  bromine  was  used  for  the  brominations 

([Br^]  >  10  M) ,  cage  return  was  essentially  stopped  and  the 

value  for  the  observed  kT,u/k_._.  was  found  to  be  the  same  as 

Krl  KJJ 

in  the  vapour  phase  (5.4  ±  0.1  in  the  vapour  phase,  and 
5.3  ±  0.2  in  liquid  bromine). 

In  the  classic  studies  by  Hammond  on  the  effect 
of  cage  recombination  on  the  yield  of  "free"  radicals 
obtained  from  the  decomposition  of  azo-bis-iso-butyronitrile 
(AIBN) ,  it  was  found  that  molecular  bromine  could  act  as  an 
effective  scavenger  of  radicals  free  of  the  solvent  cage. 

It  was  further  reported  that  when  the  AIBN  decomposition  was 
carried  out  in  liquid  bromine,  cage  recombination  was 
completely  eliminated  by  scavenging  of  the  radicals  from 
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the  solvent  cage. 

The  coincidence  of  the  kRH/kRD  value  in  liquid 

bromine  with  that  in  the  vapour  phase  gives  strong  evidence 

to  the  mechanisms  proposed  in  Schemes  2  and  3,  and  makes  it 

improbable  that  the  effect  is  a  solvent  effect.  Though  it 

seems  unlikely  that  there  are  no  solvent  effects  on  the 

individual  rates  on  changing  the  solvent  from  the  inert 

Freon  113  to  the  very  polar  bromine,  it  is  reasonable  that 

the  effects  will  be  the  same  on  k^  and  k^,  and  consequently 

will  cancel  out  in  the  ratio  kr)U/k_.r.. 

Kri  KD 

The  mechanisms  proposed  in  Schemes  2  and  3  may 

be  used  to  rationalize  the  previously  puzzling  anomaly 

108 

pointed  out  by  Timmons.  The  intramolecular  primary 

deuterium  isotope  effect  for  the  photobromination  of 

37 

toluene-a-d^  has  been  carefully  studied  in  the  solution 

108 

and  vapour  phase.  Both  groups  were  careful  to  exclude 

observable  reversal  reaction  (i.e.  reactions  in  solution 
corresponding  to  reactions  of  radicals  free  of  the  solvent 
cage) .  The  solution  phase  isotope  effect  was  found  to  be 
4.59  ±  0.03  (CCl^,  77°),  while  the  value  obtained  in  the 
vapour  phase  was  calculated  (equation  55)  to  be  8.2  at  77°. 

kl/kD 


(1.08  ±  0. 25)exp  (1430  ±  110)/RT 


(55) 


The  difference  is  probably  due  to  cage  filtering  in 
solution,  and  the  calculated  cage  effect  (equation  54)  for 
the  bromination  of  toluene-a-d^  is  0.56.  Cage  filtering 
would  be  expected  to  be  more  important  for  the  near 
thermoneutral  transfer  reactions  of  the  more  stable,  more 
selective  benzyl  radicals,  than  for  the  exothermic,  less 
selective  transfer  of  cyclohexyl  radicals  with  hydrogen 
bromide . 


It  is  relevant  to  note  that  in  the  study  of  the 

solution  and  gas  phase  isotope  effect  for  the  chlorination 

of  deuterated  toluene,  where  reversal  is  energetically 

unfavourable  (E  >18  kcal/mol),  Walling  and  Miller  found 

a 

25 

that  the  value  of  was  independent  of  phase. 

II. 3  1-Chlorobutane 


The  bromination  of  perdeuterio-l-chlorobutane 
was  investigated  to  determine  the  effect  of  the  electro¬ 
negative  substituent  on  the  molecule  as  a  whole  and  in 
particular  on  the  different  positions  of  the  molecule. 

The  reaction  of  1-chlorobutane  with  molecular  bromine  in  the 
vapour  phase  at  100°  was  reported  by  Kharasch,  Zimmt  and 
Nudenberg  to  give  three  products:  1-bromo- 1-chlorobutane 

(23%),  2-bromo-l-chlorobutane  (23%),  and  3-bromo-l-chloro- 
%  109 

butane  (46% ) . 
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Very  similar  results  were  obtained  by  Fredricks 

13 

and  Tedder,  who  carried  out  the  reaction  in  a  fast-flow 

reactor  at  146°.  The  liquid  phase  reaction  also  gave  very 

similar  results  (neat  1-chlorobutane,  60°,  1-bromo-l-chloro- 

butane,  23%,  2-bromo-2-chlorobutane ,  25%  and  3-bromo-l- 

6  6 

chlorobutane,  52%).  These  results  are  expected  on  the 
basis  of  polar  effects  on  the  transition  state  for  hydrogen 
abstraction  at  the  different  positions  along  the  molecule. 

No  1 , 2-dibromobutane  has  been  reported  in  these  brominations , 
showing  that  $-chlorobutyl  radicals  do  not  eliminate 
chlorine  atoms  to  give  alkene  under  these  conditions. 

All  these  results  were  obtained  under  "normal" 
bromination  conditions,  and  the  product  distribution  was 
probably  influenced  by  reversal.  A  study  of  the  kinetics 
of  the  vapour  phase  photobromination  of  perdeuterio-1- 
chlorobutane  was  therefore  undertaken  to  determine  the 
relative  rates  of  transfer  of  the  isomeric  chlorobutyl 
radicals  with  bromine  and  with  hydrogen  bromide  (Scheme  1, 
X=C1 ) .  If  it  is  assumed  that  the  rate  of  transfer  with 
bromine  is  the  same  for  the  different  chlorobutyl  radicals, 
a  comparison  of  the  relative  rates  of  transfer  with  bromine 
and  with  hydrogen  bromide  would  give  an  estimate  of  the 
polar  effect  of  the  chlorine  substituent  on  the  transfer 
reaction  with  hydrogen  bromide  at  the  different  positions 
of  the  molecule.  This  assumption  is  not  unreasonable  since 


' 
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polar  interactions  should  be  negligible  for  transfer  of  a 
polar  molecule  with  a  non-polar  bromine  molecule. 

IX. 3.1  Kinetics  of  Bromination  of  Perdeuter io-l-chloro- 
butane 

The  vapour  phase  photobromination  of  perdeuter io- 
1-chlorobutane  with  excess  bromine  and  excess  hydrogen 
bromide  in  a  22  1  reaction  vessel  was  carried  out  using  the 
method  described  for  perdeuteriocyclohexane .  Glpc  analysis 
of  the  reaction  mixture  after  isolation  from  the  excess 
bromine  and  hydrogen  bromide  showed  only  the  presence  of  1”, 
2~  and  3-bromo-l-chloroperdeuteriobutane  and  the 
unbrominated  starting  material  (Table  14).  The  products 
were  identified  by  comparison  of  their  glpc  retention  times 
with  those  of  authentic  protiated  materials.  No  1,2-di- 
bromoperdeuteriobutane  was  detected  in  any  of  the  reactions. 
The  material  balance  on  recovered  organic  material  was 
between  91  and  98%. 

A  synthetic  mixture,  whose  composition  corres¬ 
ponded  to  the  mixture  of  products  and  reactants  obtained  in 
reaction  2  (Table  14),  with  the  addition  of  4-bromo-l- 
chlorobutane  (7.95  x  lO-6  M)  and  a  1:2.7  mixture  of 
1, 2-dibromo-3-chlorobutane  and  2, 3-dibromo-l-chlorobutane 
(3.42  x  10~6  M) ,  was  introduced,  in  the  absence  of  light. 


Photobromination  of  Perdeuterio-l-chlorobutane  with  Excess 


86 


<=>? 

eg 

04 


<D 

U1 

td 

x: 

& 

U 

2 

O 

CU 

cd 

> 

0) 

XI 

4-4 

C 

•H 

G) 

TS 

rH 

e 

o 

u 

PQ 

cs 

G) 

d> 

O 

U 

'd 

>1 

as 

'd 

s 

0 

ps 

e 

o 

54 

PQ 


fO 


04 

pH 

Ch 

to 

rH 

O- 

to 

to 

CD 

o* 

<T> 

to 

o 

CD 

O- 

<y\ 

CD 

• 

• 

• 

• 

• 

• 

• 

• 

0 

e 

04 

O 

in 

O 

o 

rH 

rH 

CD 

o 

o 

04 

04 

i-4 

to 


X 

\ 

rH 

o 

s 

CS  og 
O 
•H 
-P 
cd 
54 
-P 
PS 
0) 

O 

PS 

o 

u 


CO 

04 

O' 

o 

Ol 

o 

CD 

CD 

CT> 

cn 

to 

rH 

r- 

in 

o 

CD 

® 

• 

• 

• 

© 

« 

• 

• 

c 

• 

to 

04 

co 

o 

o 

rH 

rH 

o 

rH 

o 

04 

. 

m 

04 

to 


00 

cr> 

CO 

04 

pH 

rH 

to 

04 

pH 

CD 

to 

o 

in 

O 

O* 

• 

© 

• 

© 

© 

0 

• 

e 

e 

«H 

o 

o 

o 

rH 

rH 

c\ 

o 

o 

04 

O 

rH 

to 


w 

-P 

PS 

cd 

© 

o 

o 

o 

o 

o 

o 

cd 

w 

4J 

o 

4-> 

EC 

r— i 

i—i 

1 — 1 

(—1 

r—o 

l— i 

b 

o 

04 

P 

as 

as 

as 

as 

'd 

cd 

Q 

P 

PQ 

a 

CQ 

<o 

0 

G) 

s 

PQ 

as 

PS 

PS 

PS 

PS 

p 

PS 

UJ 

1 — ' 

1 — 1 

1 — ’ 

t_ * 

1 — 1 

Pr 

continued 


(Concentration  mol/£ 


87 


cm 

cn 

o 

in 

.20 

0) 

• 

© 

• 

• 

o 

o 

co 

o 

<d 

U 

+i 

+i 

+i 

+i 

+i 

G) 

> 

<T> 

in 

id 

rH 

31 

< 

• 

0 

• 

• 

• 

rH 

in 

LO 

00 

o 

rH 

ID 

rH 

V 

T5 


00 

(T\ 

pH 

o 

ID 

O 

rH 

VO 

ID 

ID 

o 

in 

o 

Cft 

CM 

c 

• 

e 

• 

• 

• 

c 

© 

• 

• 

. 

rH 

pH 

o 

o 

O 

o 

pH 

rH 

00 

O 

pH 

in 

pH 

V 

in 

o 

pH 

x 


CM 


CO 

in 

ID 

o 

'5f 

o 

CTi 

00 

in 

o 

• 

• 

• 

• 

• 

0 

pH 

rH 

O 

o 

o 

o 

pH 

CO 

CO 

cr« 

12 

• 

• 

• 

• 

• 

CN 

r- 

00 

o 

pH 

r* 

pH 

V 

pH 

o 

r* 

VD 

o 

f — ! 

CO 

D 

pH 

rH 

CM 

o 

o 

i> 

ID 

<D 

c 

• 

• 

e 

0 

• 

• 

• 

• 

© 

• 

pH 

pH 

o 

o 

o 

o 

CN 

r- 

O 

pH 

ID 

pH 

V 

id 

cfj 

-p 

o 

d 

TJ 

o 

u 


O 

, — ,  , — ,  v,  i_>  S_i  tj 

a  B  CQ  m  CQ  CQ 

>-  <o  zS  ca  >-  °o 

a  a  a  0$  p$  PS 


continued 


Table  14  (cont9d 


88 


G 


cm 

H* 

i— 1 

0 

tT' 

o 

O 

O 

0 

0 

(D 

• 

• 

0 

43 

P 

tJ> 

o 

O 

o 

-P 

13 

0 

>i 

P 

+1 

+1 

+1 

CO 

ft 

43 

0 

•H 

> 

CT\ 

°H 

13 

< 

ro 

rr 

O 

r— i 

G 

• 

« 

• 

a 

G 

0 

o 

o 

o 

•H 

0 

•H 

0 

1 — ' 

-P 

G 

•H 

•0 

CO 

£ 

G 

0 

0 

03 

CL. 

P 

Oft 

42 

to 

43 

0 

03 

0 

43 

G 

■P 

03 

^3 

a 

•H 

t" 

m 

CO 

+J 

0 

& 

co 

in 

o 

rH 

G 

-P 

<p 

• 

e 

• 

• 

43 

03 

0 

W 

ro 

o 

o 

© 

ro 

0 

ft 

pH 

pH 

CM 

P 

°r| 

G 

G 

0 

0 

o 

0 

O 

rH 

G 

pH 

•H 

43 

0 

03 

-p 

U 

•H 

o 

0 

0 

1 

4J 

P 

P 

pH 

•H 

0 

0 

1 

CO 

p 

CL. 

rH 

0 

0 

0 

p 

>1 

■H 

CL, 

£ 

0 

43 

P 

o 

G 

<13 

4-3 

G 

G 

42 

ro 

00 

in 

+J 

03 

0 

•H 

0 

co 

H* 

o 

00 

G 

■H 

P 

• 

ft 

• 

• 

03 

£ 

-P 

pH 

0 

C4 

o 

O 

o 

CM 

13 

G 

O 

0 

pH 

cm 

P 

H 

03 

G 

43 

0 

4-3 

0 

0 

O 

CL. 

0 

P 

•H 

0 

p 

43 

•H 

mh 

cu 

0 

O 

P 

0 

43 

0 

0 

pH 

4-3 

P 

43 

G 

0 

m 

G 

O 

G 

4H 

■ — ' 

0 

•H 

13 

0 

13 

4J 

*H 

P 

03 

CO 

13 

0 

<r> 

ro 

ro 

P 

03 

G 

CL, 

ro 

o 

t" 

4J 

P 

0 

• 

• 

• 

• 

G 

a 

MH 

pH 

o 

o 

o 

CM 

03 

<13 

0 

' — 

0 

CM 

O 

43 

43 

Q 

G 

4-3 

■P 

a 

P 

0 

• — > 

0 

O 

4H 

-P 

4H 

CO 

0 

0 

+ 

co 

-p 

<33 

• 

G 

G 

43 

G 

i — i 

o 

O 

0 

03 

4J 

0 

X 

1 — . 

a, 

P 

-P 

*H 

rH 

-P 

CO 

O 

-P 

a 

tT» 

G 

4-3 

03 

<- — . 

— 

4-1 

0 

P 

p 

>i 

0 

U 

CO 

-P 

P 

a 

43 

P 

G 

O 

1 — ■ 

0 

(1) 

0 

03 

m 

1 — ■ 

13 

-P 

4-> 

4H 

U 

* ™ 

0 

0 

ft 

03 

03 

G 

CO 

\ 

43 

P 

£ 

Pi 

P 

0 

0 

pH 

O 

0 

p-* 

O 

G 

0 

0 

43 

0 

U 

i — i 

pH 

+ 

43 

> 

c 

0 

> 

o 

p-x 

03 

0 

0 

•H 

0 

■H 

0 

— 

a 

Cn 

> 

O 

13 

43 

a 

-M 

in 

in 

in 

03 

i—i 

0 

•H 

03 

4* 

44 

44 

C3 

Q 

P 

0 

a 

43 

pH 

£ 

p 

pH 

\ 

\ 

\ 

£ 

03 

03 

43 

■H 

0 

0 

0 

0 

0 

<H 

ro 

r- 

0 

1—3 

> 

Eh 

a 

2 

a 

P 

a 

Pi 

44 

44 

44 

E-> 

03 

03 

43 

•— * 

C3 

13 

42 

0 

into  the  reaction  vessel  and  subjected  to  the  same 
isolation  and  analysis  procedure.  The  yield  of  recovered 
organic  material  was  94%;  the  yield  of  brominated  chlorides 
was  greater  than  97%  for  all  four  monobrominated  materials, 
and  for  the  trihalide  was  greater  than  99%.  The  ratio  of 
all  products  was  the  same  within  the  limits  of  the  glpc 
analysis  (±2%) . 

The  unbrominated  substrate  was  collected  by 
preparative  glpc  and  the  amount  of  incorporated  protium  at 
each  position  was  determined  from  a  comparison  of  the  H 
100  MHz  spectrum  of  the  residual  protium  in  the  (Merck, 

Sharp  and  Dohme  98.4  atom  %  D)  starting  material  and  the 
spectrum  of  the  recovered  perdeuterio-l-chlorobutane  (see 
Pig.  3  and  4).  The  total  amount  of  protium  was  determined 
by  mass  spectrometry  for  reactions  2  and  3  (Table  14),  the 
amount  at  each  position  being  obtained  from  the  ratio  of  the 
nmr  signals  of  the  different  hydrogens.  The  nmr  method, 
using  1, 1-diphenylethene  as  standard,  was  used  to  determine 
the  amount  of  protium  in  each  position  for  the  starting 
material  and  the  recovered  unbrominated  substrate  for 
reaction  1  (see  experimental  section). 

The  relative  rates  of  transfer  with  bromine  and 
with  hydrogen  bromide  for  perdeuterio-l-chlorobutyl  radicals 
was  calculated  as  11.9  ±  0.2;  therefore,  in  "normal" 
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brominations  at  50%  conversion  of  bromine,  where  the 
concentrations  of  bromine  and  hydrogen  bromide  are  equal, 
only  7.9%  of  the  radicals  transfer  with  hydrogen  bromide. 

The  smaller  percentage  that  reverse  compared  to  that  of 
perdeuteriocyclohexyl  radicals  (26%)  is  due  presumably  to 
the  deactivation  of  the  molecule  by  the  chlorine  substituent 
in  the  transfer  with  hydrogen  bromide,  and,  by  the  principle 
of  microscopic  reversibility,  in  the  abstraction  of 
deuterium  from  perdeuterio-l-chlorobutane  by  bromine  atoms. 


The  relative  rates  of  transfer  of  the  isomeric 

perdeuterio-l-chlorobutyl  radicals  with  bromine  and  with 

hydrogen  bromide  were  determined  using  equation  23 

(Table  14).  The  ratio  kg/k_7  (Scheme  1)  could  not  be 

calculated  directly  for  the  6-position,  since  4-bromo-l- 

chloroperdeuteriobutane  was  not  detected  in  the  three 

reactions.  Since  controls  showed  that  a  concentration  of 
—  ft 

1.6  x  10  M  of  4-bromo-l-chlorobutane  would  have  been 

detected  by  glpc  under  the  analytical  conditions  used, 

k  /k  was  calculated  assuming  that  the  concentration  of 
8  -7 

—  8 

this  isomer  was  less  than  10  M  (Table  14). 


The  relative  rates  of  transfer  of  the 
perdeuter io-l-chlorobutyl  radicals  with  bromine  and  with 
hydrogen  bromide  fall  off  rapidly  with  the  distance  from  the 
substituent,  from  66  for  the  a-position  to  less  than  0.3  for 
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the  6-position.  This  change  in  relative  rates  may  be 
rationalized  on  the  basis  of  a  polar  deactivation  to 
transfer  with  hydrogen  bromide ,  the  deactivation  falling  off 
as  the  distance  from  the  electronegative  substituent 
increases c.  Transfer  with  molecular  bromine,  however,  is 
little  influenced  by  polar  effects. 

The  rates  of  deuterium  abstraction  relative  to 
the  rate  of  abstraction  of  the  y-deuterium,  calculated 
using  equation  29  (Table  14),  were  also  found  to  follow  the 
order  predicted  for  the  reaction  of  a  selective  radical 
whose  reactivity  is  strongly  influenced  by  the  polar  effect 
of  the  substituent,  i.e.  a-H,  0.34,  <  £-H,  0.49,  <  y-H,  1.00, 
>  the  primary  5-H,  0.04.  The  reactivity  of  the  a-hydrogens 
is  higher  than  one  would  expect  on  the  basis  of  polar 
effects,  since  this  position  suffers  the  largest  inductive 
deactivation,  as  shown  by  the  very  large  k2/k_^  ratio  of  66. 
The  higher  reactivity  must  be  due  to  the  lower  C-D  bond 
strength  (due  to  electron  withdrawal  by  the  chlorine 
substituent)  and  to  the  stablization  of  the  radical  formed 
by  resonance  with  the  chlorine  atom  (structure  2b,  page  4). 

The  relative  rates  of  abstraction  from 
perdeuterio-l-chlorobutane  and  from  1-chlorobutane  in  the 
gas  phase  were  also  determined  by  stopping  the  bromination 
with  no  initially  added  hydrogen  bromide  at  very  low 
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conversion.  Under  these  conditions,  the  concentration  of 
hydrogen  or  deuterium  bromide  was  very  small  compared  to 
that  of  bromine,  and  therefore  reversal  was  not  expected 
to  be  important.  The  ratio  of  brominated  chlorides  should 
then  reflect  the  rates  of  abstraction  of  the  different 
hydrogens  (or  deuteriums)  in  the  molecule.  The  results  are 
given  in  Table  15;  they  are  in  very  good  agreement  with 
each  other  and  with  those  calculated  from  the  data  of  Table 
14.  The  coincidence  between  the  values  for  1-chlorobutane 
and  its  perdeuterated  analog  shows  that  deuterium  kinetic  is¬ 
otope  effects  are  not  important  in  the  relative  rates  of  ab¬ 
straction,  and  substantiates  the  assumption  in  equation  30. 

II. 3. 2  Bromination  of  1-Chlorobutane  under  "Normal" 
Conditions  in  the  Vapour  Phase 

A  second  test  of  the  kinetic  data  obtained  from 
perdeuterio-l-chlorobutane  and  for  the  proposed  mechanism 
(Scheme  1)  was  carried  out.  The  bromination  of  a  9.8:1 
molar  mixture  of  1-chlorobutane  and  molecular  bromine 
("normal'*  bromination)  was  run  in  the  vapour  phase  and 
stopped  at  different  stages  of  conversion.  This  particular 
ratio  of  reactants  was  chosen  since  preliminary  experiments 
showed  that  at  complete  conversion  of  the  bromine,  no 
dibromochlorobutanes  were  formed.  The  products  were 
isolated  and  analyzed  by  glpc  (Table  16).  From  the  results, 
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plots  of  the  concentration  of  1-bromo-l-chlorobutane 

Ct  ft 

(R  Br) ,  2-bromo-l-chlorobutane  (RPBr)  and  3-bromo-l-chloro~ 
butane  (RYBr)  against  [Br^l/fHBr],  (x) ,  were  constructed. 
The  experimental  values  obtained  from  the  "normal" 
brominations  were  fitted  manually  and  by  a  least  squares 
method  to  an  exponential  function  (equation  56),  and  the 


R  Br  =  ae 


-bx  .  -2bx 
+  ce  + 


de 


+  f  e 


ratios  of  the  slopes  obtained  by  graphical  differentiation 
from  these  synthesized  curves  gave  the  observed  values  of 
the  functions  (d [RaBr ] /dx) / (d [RYBr ] /dx)  (Figure  5)  and 
(d [R^Br] /dx) / (d [RYBr] /dx)  (Figure  6)  for  any  value  of  x. 


The  values  of  these  functions  at  any  value  of  x 
were  also  calculated  using  the  relative  rate  data  obtained 
for  perdeuter io-l-chlorobutane  (Table  14),  from  two 
equations  of  the  type  of  equation  33.  A  comparison  of  the 
calculated  and  the  experimentally  obtained  values  of  these 
functions  is  given  in  figures  5  and  6. 

The  error  limits  shown  in  these  figures  for  the 
calculated  values  of  fa'/y  and  f^Y  (equation  33)  were 
obtained  using  the  maximum  and  minimum  values  reported  for 
the  relative  rates  of  transfer  and  abstraction  (Table  14). 

the  error  limits  were  included  for  the  experimental 
data  (±  2%,  glpc  error)  used  to  determine  the  observed 
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Fig,  6,  Plot  of  the  Observed  and  Calculated  f vs  [B^l/tHBr]  for  the 
Photobromination  of  i-Chlorobutane  in  the  Vapour  Phase, 
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values  of  fa ^  and  f^^,  the  observed  and  calculated 
functions  were  found  to  be  coincident  within  the 
experimental  limits. 

I 

a/v 

The  coincidence  of  the  calculated  values  of  f 

6  /  v 

and  f  '  with  those  of  the  experimentally  determined 
values  demonstrates  that  the  relative  rate  data  obtained  for 
perdeuterio-l-chlorobutane  describe  adequately  the  kinetic 
behaviour  of  the  "normal"  bromination  of  1-chlorobutane  in 
the  vapour  phase,  and  shows  that  the  assumption  proposed  in 
equation  30  must  hold. 

Figures  5  and  6  demonstrate  the  different  rela¬ 
tive  rates  of  transfer  with  bromine  and  with  hydrogen 
bromide  of  the  isomeric  chlorobutyl  radicals.  After  40% 
conversion  of  the  bromine,  or  when  x  <  1.5,  the  rate  of 
formation  of  1-bromo-l-chlorobutane  and  2-bromo-l-chloro- 
butane  increases  rapidly  relative  to  the  rate  of  formation 
of  3-bromo-l-chlorobutane .  This  is  expected,  since  due  to 
polar  effects,  the  y-chlorobutyl  radicals  are  expected  to 
reverse  with  hydrogen  bromine  at  the  fastest  rate.  Conse¬ 
quently,  as  the  concentration  of  the  hydrogen  bromide  builds 
up,  reversal  with  it  starts  affecting  the  distribution  of 


products  observed. 
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II. 3. 3  Comparison  of  Liquid  and  Vapour  Phase  Results 

The  photobromination  of  perdeuterio-l-chloro- 
butane  with  excess  bromine  and  with  added  hydrogen  bromide 
in  Freon  113  solution  at  23°  was  studied  in  these 
laboratories »  On  the  basis  of  the  results  obtained 

from  perdeuteriocyclohexane ,  the  liquid  phase  reaction 
should  be  complicated  not  only  by  reversal  of  the  radicals 
with  hydrogen  bromide,  but  also  by  cage  filtering  and  by 
transfer  of  the  radicals  with  hydrogen  tribromide.  If 
these  effects  were  not  important  in  the  liquid  phase 
photobromination  of  perdeuterio-l-chlorobutane ,  the 
mechanism  in  Scheme  1  would  apply  to  the  reaction,  and  the 
relative  rates  of  transfer  of  the  radicals  with  bromine  and 
with  hydrogen  bromide,  and  the  relative  rates  of 
abstraction  of  deuterium  could  be  calculated  from  equations 
23  and  29  respectively.  The  results  obtained  assuming 
this  mechanism  are  given  in  Table  17,  where  they  are 
compared  with  the  vapour  phase  results. 

If  solvent  effects  on  these  relative  rates  are 
negligible,  the  liquid  and  vapour  phase  results  should  be 
the  same.  This  is  evidently  not  the  case.  The  relative 
rates  of  transfer  with  bromine  and  with  hydrogen  bromide 
were  lower  in  solution  than  in  the  vapour  phase  (as  had 
been  found  with  perdeuteriocyclohexane),  while  the  relative 


' 
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rates  of  abstraction  were  higher  in  solution  than  in  the 
vapour  phase.  These  results  indicated  that  transfer  with 
hydrogen  tribromide  and  cage  effects  were  not  unimportant 
for  the  bromination  of  an  electronegatively  substituted 
alkane . 


A  detailed  mechanistic  scheme  for  the  photo- 
bromination  of  perdeuterio-l-chlorobutane  is  given  in 
Scheme  4.  The  relative  rates  of  appearance  of  any  two 
brominated  products,  e.g.  R  Br  and  RTBr,  can  be  expressed 
as  equation  57  (see  Appendix  1).  This  equation  was  derived 

d[RaBr]/dt 
d [R^Br ] /dt 

k1k2 (k^5 [DBr] C  +  k^)  (k_5 [HBr]  +  k^5[HBr3]  +  k6[Br2]) 
k5k6  (k^  [DBr]  C  +  kd)  (k_1  [HBr]  +  k^tHBr^  +  k2[Br2]) 

assuming  steady  state  concentrations  of  both  "free"  and 
caged  radicals  and  assuming  that  the  rate  of  diffusion,  k^, 
was  the  same  for  the  isomeric  perdeuterio-l-chlorobutyl 
radicals.  Equation  57  may  be  integrated  under  conditions 
where  the  concentrations  of  bromine  and  hydrogen  bromide  do 
not  change  significantly. 

The  relative  rates  of  transfer  of  the  "free" 
radicals  may  be  evaluated  by  a  study  of  the  relative  rates 
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of  product  formation  (R1!!  and  R1Br)  for  each  position  of 
the  starting  material.  The  expression  for  the  a-position 
is  the  same  as  that  for  perdeuteriocyclohexyl  radicals 
(equation  36);  those  for  the  3“  and  y-radicals  are  given 
by  equations  58  and  59.  These  expressions  may  be  integrated 

d[R3Br]/dt  k  ([Br  ]°  -  [HBr_] ) 

- - s -  =  - - - - - - -  (58) 

d  [RPH]  / dt  k_3  (  [HBr]  °  -  [HBr  ]  )  +  k_^  [HBr  ] 


d[RYBr]/dt  kc([Br0]°  -  [HBr  _ ] ) 

_ _  _ 6 _ 2 _ 3 _ 

d[RYH]/dt  k  c  (  [HBr] °  -  [HBr0] )  +  k'  [HBr.] 

— D  3  —D  3 


(59) 


when  the  concentrations  of  bromine,  hydrogen  bromide  and 
hydrogen  tribromide  do  not  change  significantly. 


Using  the  value  of  the  equilibrium  constant  for 
the  formation  of  hydrogen  tribromide  at  23°  obtained  by 
nmr  (section  II. 2. 4),  the  value  of  [HBr could  be 
determined,  and  thence,  by  substituting  into  equation  37 
and  the  integrated  forms  of  equations  58  and  59  the  vapour 
phase  values  of  the  relative  rates  of  transfer  with  bromine 
and  with  hydrogen  bromide,  the  ratio  of  transfer  of  the 
different  perdeuterio-l-chlorobutyl  radicals  with  hydrogen 
tribromide  and  with  hydrogen  bromide  could  be  calculated. 
The  computed  values  for  these  ratios  of  rate  constants  were 
k'  /k  =  56.5  ±  1.8  (a-radicals ) ,  k'  /k_~  =  12.5  ±  0.5 
(3-radicals),  k^5/k_5  =  27.2  ±  1.8  (y-radicals).  The  value 
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of  this  ratio  for  the  ^-radicals  is  the  same  as  that  for 
perdeuteriocyclohexyl  radicals,  within  experimental  error 
(k_V/k__^  =  22  ±  7,  section  II.  2. 5).  This  was  not 
surprising  since  of  all  the  isomeric  perdeuteriochlorobutyl 
radicals,  the  y-radicals  should  be  most  similar  to  the 
perdeuteriocyclohexyl  radicals. 


By  a  combination  of  the  integrated  forms  of,  e.g. 
equations  36  and  57,  expression  60  may  be  obtained  (see 
Appendix  1)  that  will  allow  an  experimental  evaluation  of 


ca  = 

Y 


(kDn  [DBr  ] C  +  kj  k,  (A[RYH]  +  [RYBr]  ) 
—  1 _ d  _  __1 _ _ 

(k°5[DBr]C  +  kd)  k5(A[RaH]  +  [RaH]  ) 


(60) 


cage  filtering,  C^.  The  cage  effect  may  be  determined 

from  the  results  of  the  bromination  of  perdeuterio-l-chloro- 

19 

butane  if  one  invokes  the  assumption  proposed  by  Mayo 
that  there  will  be  negligible  solvent  effects  on  the 
relative  rates  of  abstraction  and  transfer  of  competing 
free  radical  reactions  of  the  same  kinetic  order  in  inert 
solvents.  By  combining  the  vapour  and  liquid  phase  results, 
Ca  =  0.72  ±  0.05,  =  0.92  ±  0.07,  CY  =  1.00  “6 


Y 


Y 


Y 


C“  =  1.0  ±  0.5 
Y 


The  cage  effects  should  follow  the  same  trend  as 
that  observed  for  the  relative  rates  of  transfer  with 
bromine  and  with  hydrogen  bromide.  As  the  radical  center 
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involved  was  further  removed  from  the  electron  withdrawing 

chlorine  substituent,  the  polar  deactivation  deceased.  The 

cage  effect  is  a  competition  with  diffusion  between  two 

radicals  for  deuterium  bromide,  and  since  from  the  above 

reasoning  <  k*^  <  kD_^,  the  cage  effect,  C"!",  should 

06  5 

increase  from  C  to  C  .  This  trend  is  actually  followed 

Y  Y  J 

from  Ca  to  c\*  however  C  was  the  same  as  (1.0  ±  0.5 
Y  Y  Y  Y 

vs  1.0).  The  calculated  value  for  the  ratio  of  the  transfer 
rates  of  the  5-radicals  with  bromine  and  with  hydrogen 
bromide  (<  0.31)  was  the  smallest  one  of  the  four  isomeric 
radicals  (see  Table  14).  This  indicates  that  if  the  rate 
of  transfer  of  these  radicals  with  molecular  bromine  is  not 
much  influenced  by  polar  effects,  the  6-radicals  should 
reverse  with  hydrogen  bromide  at  the  fastest  rate.  It  is 
probable  that  C  is  larger  than  C^,  but  the  data  is  not 
accurate  enough  to  reflect  this.  It  must  be  noted  that 
perdeuterio-4-bromo-l-chlorobutane  was  not  detected  in 
these  brominations  either  in  Freon  113  or  in  the  vapour 
phase;  the  rate  data  for  the  6-position  was  therefore 
calculated  from  the  amount  of  protium  incorporated  at 
this  position  only. 


The  liquid  phase  photobromination  of  1-chloro- 
butane  was  also  studied,  using  conditions  where,  on  the 
basis  of  the  results  from  the  relative  rates  of  bromination 
of  cyclohexane  and  perdeuteriocyclohexane,  there  was  no 
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external  and  internal  reversal  (—11  M  bromine)  and  no 
external  reversal  (~0.6  M  bromine,  and  ensuring 
[Br^l/lHBr]  >>  1),  Table  18.  The  reactions  were  run  to 
low  percent  conversion  of  1-chlorobutane?  the  unreacted 
bromine  was  destroyed  with  aqueous  sodium  bisulphite,  and 
the  products  analyzed  by  glpc.  Only  1-bromo-,  2-bromo-, 
and  3-bromo-l-chlorobutane  were  detected,  and  a  control 
reaction  showed  that  these  products  were  stable  in  the 
absence  of  light  in  12  M  bromine  solution  under  the 
reaction  conditions. 

The  relative  rates  of  abstraction  from  1-chloro- 
butane  in  liquid  bromine  were  found  to  be  in  remarkable 
agreement  with  the  relative  rates  of  abstraction  from 
perdeuterio-l-chlorobutane  in  the  vapour  phase  and  the 
relative  rates  of  abstraction  from  1-chlorobutane  in  the 
vapour  phase  bromination  run  to  low  percentage  reaction 
(see  Table  19).  This  coincidence  was  not  surprising?  at 
the  very  high  concentration  of  bromine  used,  the  bromine 
should  scavenge  all  the  radicals  formed,  caged  or  "free". 

The  agreement  between  these  results  gives  further  support 
to  the  assumption  that  any  solvent  effects  on  the  relative 
rates  of  abstraction  are  not  important. 

When  the  bromine  concentration  was  lower  (0.6  M) , 
where  cage  scavenging  should  not  be  important,  and  where 


Photobromination  of  1-Chlorobutane  in  the  Liquid  Phase 
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external  reversal  was  negligible  ([Br^l/tHBr]  >  20),  the 
isomer  distribution  at  low  conversion  of  1-chlorobutane  was 
different  from  that  obtained  in  liquid  bromine.  This  was 
expected,  since  under  these  conditions,  cage  filtering 
distorts  the  relative  concentrations  of  "free"  radicals, 
relative  to  the  concentrations  formed  on  abstraction. 

Under  the  conditions  of  the  latter  reactions, 
i.e.  when  there  was  internal  reversal  but  no  external 
reversal,  the  expression  for  the  cage  effect  (the  counter¬ 
part  of  equation  60  for  normal  1-chlorobutane)  becomes 
equation  61.  Using  the  value  for  k./k.  obtained  from  the 

(kH.  [HBr]c  +  k.)  k.  [RjBr] 

- - - —  =  — - , -  (61) 

3  (k_ . [HBr]C  +  kd)  k j [R^Br ] 

brominations  at  high  bromine  concentrations,  and  the  value 

o  * 

for  [R1Br] / [R^Br]  from  the  reactions  with  0.6  M  bromine,  the 
cage  effect  was  evaluated  from  equation  61  (Table  19).  The 
agreement  between  the  cage  effect  calculated  for 
perdeuterio-l-chlorobutane  (by  a  combination  of  vapour  and 
liquid  phase  results)  and  for  the  natural  protiated 
substrate  (using  liquid  phase  results  only)  supports  the 
assumptions  made  and  gives  confidence  in  the  reliability  of 
the  relative  rates  obtained  in  these  bromination  reactions. 
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II .  4  1-Bromobutane 


The  bromination  of  1-bromobutane  has  had  an 
eventful  history  and  has  been  the  subject  of  a  large  number 
of  investigations.  The  reaction  gives  unique  product 
distributions  both  in  the  liquid  and  in  the  vapour  phase, 
though  most  studies  have  been  concerned  with  the  solution 
phase  reaction,  and  have  tended  to  neglect  the  results 
obtained  in  the  gas  phase. 

The  reaction  appears  to  have  been  first  studied 

in  1956  by  Kharasch  in  his  systematic  studies  of  the  vapour 

phase  photobromination  of  simple  bromo-  and  chloro- 
109 

alkanes.  Four  products  were  detected  when  the  reaction 

was  run  at  100°  using  a  2.8:1  mol  ratio  of  1-bromobutane  to 
bromine:  1, 2-dibromobutane  (30%),  1 , 3-dibromobutane  (13%), 

an  unidentified  tribromide  (30%)  and  1 , 2 , 3 , 4-tetrabromobutane 
(10%) .  The  large  yield  of  polybromides  is  surprising,  as 
well  as  the  ratio  of  1,2-  to  1, 3-dibromobutane  (2.3:1), 
since  polar  effects  should  direct  attack  preferentially  to 
the  3-position  (cf.  Table  1).  These  nomalies  went  mainly 
unnoticed  in  the  literature. 

In  1960,  Tedder  and  Fredricks  attempted  to  study 
the  reaction  in  the  vapour  phase  using  a  flow  system  at  78° 
and  146°;  the  reaction  was  reported  to  be  strongly  inhibited 
by  some  product  of  the  reaction.  A  large  portion 
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of  the  bromine  failed  to  react  and  the  sides  of  the 
vessel  became  coated  with  a  brown  film.  This  was 
attributed  to  the  formation  of  olefinic  material  by  loss 
of  bromine  from  the  $-bromobutyl  radical  (reaction  62).^ 


Br  • 


(62) 


A  few  years  later,  Thaler  studied  the  liquid 
phase  reactions.  Thaler  noted  that  solution  phase 
brominations  of  bromoalkanes  gave  abnormally  large 
amounts  of  vicinal  dibromide;  thus,  the  reaction  of  a  5:1 
mol  ratio  of  1-bromobutane  and  bromine  at  60°  with  no 
solvent  gave  1 , 1-dibromobutane  (0.9%),  1 , 2-dibromobutane 
(84.6%)  and  1 , 3-dibromobutane  (14.6%).  This  unexpected 
result  (cf.  Table  1)  was  found  to  be  common  with  a  large 
number  of  brominations  of  bromoalkanes,  and  Thaler  proposed 
anchimeric  assistance  by  the  bromine  substituent  in  the 
transition  state  for  abstraction  of  the  3-hydrogen,  giving 
a  bridged  bromine  intermediate,  which  is  trapped  by  bromine 
to  give  the  vicinal  dibromide  to  explain  the  results.  Since 
bromination  reactions  are  usually  endothermic  and  have  a 
high  activation  energy,  the  reactions  should  be  very 
sensitive  to  any  process  that  lowers  the  activation  energy? 
the  stability  given  to  the  transition  state  for  the 
abstraction  of  the  8— hydrogen  and  to  the  intermediate  by 
delocalization  of  the  unpaired  electron  would  increase  the 
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rate  of  attack  at  that  position,  thereby  enhancing  the 
formation  of  the  vicinal  dibromide  relative  to  the  other 
possible  isomers. 


The  concept  of  anchimeric  assistance  in  the 
bromination  of  bromoalkanes  was  generally  accepted  in  the 
literature.  Skell  extended  the  evidence  for  this  proposals 
this  has  been  amply  discussed  elsewhere,  and  will  not 

be  reviewed  here.  However,  recently  the  concept  has  been 
questioned.44'52'53'75'78'82'85 


Tanner  et  al.  studied  the  bromination  of  1-bromo- 

butane  with  molecular  bromine  and  reported  that  the 

distribution  of  products  was  a  function  of  the  percentage 

7  8 

reaction  (Table  20).  At  low  conversion,  the  distribution 
of  dibromides  was  similar  to  that  found  in  the  bromination 
and  chlorination  of  other  electronegatively  substituted 
butanes  (cf.  Table  1);  as  the  reaction  progressed,  the 
amount  of  1 , 2-dibromobutane  increased  until  at  complete 
consumption  of  bromine,  it  made  up  88%  of  all  the  products. 
It  was  suggested  that  this  change  in  isomer  distribution  was 
due  to  equilibration  of  the  initially  formed  radicals  with 
hydrogen  bromide  and  to  elimination  of  bromine  atoms  from 
the  3-bromobutyl  radicals  (see  pages  31-32) . 


An  attempt  was  made  to  minimize  the  effect  of 
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hydrogen  bromide  on  the  product  distribution  by  carrying 

out  the  bromination  of  1-bromobutane  with  N-bromo- 

succinimide.  By  utilizing  the  previously  established 

chain  mechanism  for  bromination  with  NBS  (reactions  63-65) , 

it  was  anticipated  that  the  hydrogen  bromide  concentration 

could  be  kept  low  enough  to  severely  limit  the  reverse 
7  8 

reaction. 


RH  +  Br  *  - — ►  R*  +  HBr 

0 

NH  +  Br 

Sr 

o 

R*  +  Br2  - — ►  RBr  +  Br* 


0 


(63) 


(64) 


(65) 


This  attempt  was  most  successful  when  the 
reaction  was  carried  out  in  homogeneous  acetonitrile 
solutions  at  low  conversion  of  the  NBS,  the  product 
distribution  was  similar  to  that  obtained  with  molecular 
bromine  at  low  conversion  (Table  20) .  However,  the  product 
distribution  was  found  to  change  with  percentage  reaction  in 
the  bromination  with  NBS  as  well,  and  at  complete  reaction, 
1,2-dibromobutane  made  up  85%  of  the  products.  This  was 
attributed  to  reversal  with  hydrogen  bromide  when  the  NBS 
concentration  was  low.  These  results  were  strong  evidence 
against  the  possibility  of  anchimeric  assistance  in  the 


■ 
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brorainations  of  bromoalkanes . 

Independent  support  for  these  results  came  from 
a  reinvestigation  of  the  vapour  phase  bromination  of 

8  2 

1-bromobutane  with  molecular  bromine  in  a  static  system. 
Tedder  et  al «  found,  in  agreement  with  the  above  results, 
a  change  in  the  product  distribution  as  the  reaction 
progressed  (Table  20).  The  ratio  of  1 , 2-/1 , 3-dibromobutane 
changed  from  0.28  after  10  minutes  reaction  time  to  2.20 
after  120  minutes.  Addition  of  hydrogen  bromide  was  found 
to  drastically  change  the  product  distribution,  so  that, 
after  10  minutes  reaction  time,  the  ratio  of  1,2-  to  1,3- 
dibromobutane  was  7.7. 

The  effect  of  hydrogen  bromide  on  the  bromination 
of  electronegatively  substituted  alkanes  (e.g., 
1-bromobutane)  has  been  rationalized  in  the  following 
manner.  During  the  initial  stages  of  the  reaction,  the 
reversal  reaction  would  be  unimportant  because, of  the  low 
concentration  of  hydrogen  bromide,  and  hence  the  transfer 
of  the  bromoalkyl  radicals  with  molecular  bromine  would 
reflect  the  kinetically  determined  distribution  of  isomeric 
radicals.  As  the  reaction  proceeds,  equilibration  of  the 
radicals  with  hydrogen  bromide  could  occur.  It  was 
reasoned  that  if  polar  effects  determined  the  kinetic 
distribution  of  radical  abstraction,  then,  by  the  same 
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token,  the  reverse  reaction  with  hydrogen  bromide  should 
be  subject  to  the  same  polar  effects  (microscopic 
reversibility) .  Therefore,  the  3-radicals  are  not  only 
formed  more  slowly  but  likewise  reverse  more  slowly  and 
the  1,2-dibromide  is  formed  since  the  non-polar  bromine 
molecule  is  not  subject  to  these  polar  effects. 

Elimination  from  the  3"bromoalkyl  radicals  would  further 
enhance  the  formation  of  the  vicinal  dibromides 
(pages  31- 32). 78 

Recently,  two  communications  have  appeared 

questioning  the  previously  reported  result  that  in  the 

bromination  of  1-bromobutane  with  molecular  bromine,  at 

less  than  20%  conversion,  the  ratio  of  1,2-  to  1,3- 

111  112 

dibromobutane  was  less  than  unity.  f  Both  groups 

noted  a  change  in  the  product  distribution  with  percentage 

reaction,  although  the  effect  was  nowhere  near  as  great  as 

previously  reported;  in  both  communications,  the  ratio  of 

1,2-  to  1 , 3-dibromobutane  was  greater  than  1  at  all  stages 

of  the  reaction.  Likewise,  it  was  reported  from  this 

laboratory  that  the  previous  observation  that  this  ratio 

was  less  than  unity  at  low  percentage  reaction  could  not  be 
44 

repeated . 


The  results  obtained  in  the  NBS  bromination  of 
1-bromobutane  in  acetonitrile  have  been  confirmed  in  this 
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laboratory"^ ^  and  independently  by  Traynham  et  al . 

112  113 

Skell  and  Shea  '  however  reported  that  the  photo- 
bromination  of  1— bromobutane  with  NBS  in  dichloromethane 
with  a  trace  of  bromine  gave  a  product  distribution 
that  was  different  from  that  obtained  in  the  reaction 
with  NBS  in  acetonitrile,  and  similar  to  that  obtained 
with  molecular  bromine  as  brominating  agent. 


The  mechanism  of  NBS  brominations  of 
toluenes'^ '  ^  ^  and  of  alkenes^"*  has  been  shown  to 
proceed  through  a  bromine  atom  chain.  However,  it  was 
possible  that  in  the  endothermic  brominations  of  alkanes 
and  substituted  alkanes ,  the  NBS  bromination  was  going 
through  a  succinimidyl  radicals  chain  (reactions  66-67) , 
as  suggested  recently  by  Traynham.  This  possi¬ 

bility  has  been  investigated  in  these  laboratories.^ 

The  competitive  photobromination  of  a  number  of  alkanes 
and  substituted  alkanes  with  NBS  in  acetonitrile  was 


(66) 


(67) 


0 


studied  in  detail.  It  was  found  that  in  these  reactions, 
the  substituted  alkanes  reacted  at  a  slower  rate  than 
the  parent  alkane  (see  Table  3) .  When  the  brominations 
were  run  using  other  bromoamides  (tetramethyl-N-bromo- 
succinimide,  l-bromo-3 , 5 , 5-trimethylhydantoin  and  1,3- 
dibromo-5 , 5-dimethylhydantoin)  in  acetonitrile,  the 
relative  rates  of  bromination  were  similar  to  those 
obtained  with  NBS .  Furthermore,  when  the  photobromina- 
tions  were  run  in  liquid  bromine  (Table  3) ,  the  relative 
rates  were  very  similar  to  those  obtained  using  NBS  in 
acetonitrile.  The  NBS  rates  in  acetonitrile  were  also 
found  not  to  change  when  these  rates  were  run  with  some 

initially  added  molecular  bromine  (R-^H:  ItjHiNBS :  B^  = 

44 

1:1:8:0.4).  These  results  were  taken  as  strong 
evidence  that  the  alkylinic  brominations  of  NBS  in 
acetonitrile  proceeded  through  a  bromine  atom  chain.* 

Anchimeric  assistance  is  a  rate  acceleration 
which  is  due  to  the  participation  of  a  neighbouring  atom 
or  group  with  non-bonded  electrons.  A  fundamental 
question  in  participation  by  the  bromine  substitutent  in 

*  This  interpretation  has  recently  been  questioned  by 
Traynham  and  Lee.-*--^  These  authors  pointed  out  that  the 
relative  rates  that  were  most  precisely  reported  showed  a 
three-fold  range  for  the  brominating  agents  used,  which 
was  outside  the  reported  uncertainty  of  the  data.  They 
claim  that  the  data  actually  suggest  rather  strongly  that 
different  hydrogen  abstracting  radicals  were  involved  in 
these  reactions. 


125 . 
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the  abstraction  of  the  0-hydrogens  by  bromine  atoms  is 
therefore  the  kinetic  consequences.  A  detailed  study 
of  the  gas  phase  photobromination  of  1-bromobutane 
was  therefore  undertaken:  Tedder's  results  had  indicated 
that  the  bromination  of  1-bromobutane  in  a  static  system 
in  the  gas  phase  gave  the  same  product  distributions 
as  the  disputed  liquid  phase  reaction  (cf .  Table  20) . 

It  was  therefore  expected  that  an  understanding  of  this 
vapour  phase  bromination  would  lead  to  an  explanation 
of  the  conflicting  liquid  phase  results. 

In  a  preliminary  reinvestigation  of  the  vapour 

phase  bromination  of  1-bromobutane  under  "normal"  bromina- 

.  .  *  103 

tion  conditions  (BuBriBr^  =  5:1),  Tanner  and  Arhart 

detected  five  products  at  complete  consumption  of  bromine: 
1,1-,  1,2-  and  1 , 3-dibromobutane ,  1,2,2-  and  1,2,3-tri- 
bromobutane  in  a  ratio  of  0.14:2.36:1.00:0.21:3.43,  how¬ 
ever,  no  material  balance  could  be  obtained  for  the  bromine 
consumed,  implying  that  other  bromination  products  were 
present . 


1 , 2 , 3-Tribromobutane  could  have  been  formed 
from  bromination  of  either  1,2-  or  1 , 3-dibromobutane 
(or  of  both) :  this  was  unlikely  however,  since  then  the 
dibromides  have  to  react  with  bromine  much  faster  than 
1-bromobutane.  Also,  if  this  were  the  case,  one  would 
expect  comparable  amounts  of  tribromide  in  the  liquid 
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phase  reaction,  unless  the  rates  of  bromination  were 
strongly  phase  dependent „  A  study  of  the  products  of 
the  photobromination  of  these  dibromides  in  solution  and 
in  the  gas  phase  showed  that  though  both  compounds  gave 

1. 2 . 3- tribromobutane ,  it  was  a  minor  product  (<6%)  in 
both  brominations  (see  Appendix  4). 

A  possible  mechanism  for  the  formation  of 

1. 2 . 3- tribromobutane  in  the  vapour  phase  bromination  of 
1-bromobutane  is  given  in  Scheme  5.  In  this  scheme, 
the  3-bromobutyl  radicals  are  either  trapped  by  bromine 
or  hydrogen  bromide  or  eliminate  bromine  atoms  to  give 
1-butene.  The  alkene  may  then  add  bromine  to  form  1,2- 
dibromobutane  or  be  allylically  brominated  to  give  a 
mixture  of  i-bromo-2-butene  and  3-bromo-l-butene ,  which, 

on  addition  of  bromine,  would  give  1 , 2 , 3-tribromobutane . 

The  allylic  bromides  may  also  be  allylically  brominated 

and  then  add  bromine  to  give  tetrabromide .  1, 2,3,4- 

Tetrabromobutane  was  detected  by  Kharash  et  ad.  in  the 

109 

vapour  phase  photobromination  of  1-bromobutane,  and, 
since  the  completion  of  this  work,  in  these  laboratories. 
The  identification  of  the  tetrabromide  and  its  inclusion 
as  a  reaction  product  constituted  a  material  balance  for 
the  reactants  used  and  the  products  formed  (see  Appendix 
4). 


1270 


Scheme  5 
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There  is  ample  precedent  for  elimination  from 
B-bromoalkyl  radicals  (see  section  1.2.4) .  Also,  it  is 
well  known  that  allylic  bromides  are  formed  in  high  yields 
in  the  bromination  of  alkenes  when  the  bromine  concentra¬ 
tion  is  kept  low:  this  is,  after  all,  the  reason  for 
allylic  bromination  by  N-bromosuccinimide ,  where  the 

NBS  serves  as  a  source  of  a  low,  steady  state  concentra- 

116 

tion  of  bromine.  Molecular  bromine  itself  will 

117 

brommate  alkenes  allylically;  e.g.  Sixma  and  Riem, 

118 

and  McGrath  and  Tedder,  independently  showed  that 
in  the  liquid  phase  photobromination  of  cyclohexene, 
3-bromocyclohexene  was  formed  in  84%  yield  when  the 
bromine  was  introduced  into  the  solution  slowly  in  a 
stream  of  nitrogen. 

To  determine  the  importance  of  elimination  in 
the  vapour  phase  bromination  of  1-bromobutane ,  the 
reaction  with  bromine  highly  enriched  in  bromine-81  was 
studied.  The  vapour  phase  reactions  of  1-butene  with 
bromine  and  of  l-bromo-2-butene  and  3-bromo-l-butene  with 
bromine  were  also  studied  to  establish  if  the  mechanism 
proposed  in  Scheme  5  was  reasonable. 


♦ 


II.4»1  Vapour  Phase  Bromination  of  1-Bromobutane  with 

Bromine  Enriched  in  Bromine- 81 


Two  breakseals  containing  1-bromobutane  (2.25 
-3 

10  mol)  and  bromine  (96.04%  Br-81,  3.96%  Br-79,  3.75  x 
-4 

10  mol)  respectively  were  attached  to  a  5  1  reaction 

vessel  and  this  was  degassed.  The  two  reactants  were 
introduced  into  the  reaction  bulb  and  photolyzed  till 

all  the  bromine  colour  was  discharged.  The  contents  of 
the  bulb  were  isolated  and  the  unreacted  1-bromobutane F 
1 , 2-dibromobutane ,  1 , 3-dibromobutane  and  1,2,3-tri- 
bromobutane  were  collected  by  preparative  glpc  and 
analyzed  by  mass  spectroscopy  (Table  21) .  The  parent 
peaks  were  scanned  at  least  five  times  at  70  and  15  ev. 
The  ratio  of  the  parent  peaks  was  insensitive  to  the 
ionization  voltage. 

1 , 2 , 3-Tribromobutane  did  not  give  a  parent 
peak  under  any  conditions.  The  peak  with  the  highest 
m/e  value  was  the  P-Br  peak.  An  attempt  was  made  to 
obtain  a  parent  peak  using  chemical  ionization  with 
ammonia  or  methane.  This  was  also  unsuccessful  and  no 
results  on  this  important  tribromide  were  obtained  from 
this  reaction. 

1-Bromobutane  was  found  to  have  the  same 


isotopic  ratio  of  bromine  as  before  reaction  (i.e. 
Br-79:Br-81  -  0.507:0.493);  this  showed  that  if  elimina¬ 
tion  to  1-butene  were  taking  place,  readdition  of 
hydrogen  bromide  to  the  alkene  was  not  detectable.  This 
result  is  not  suprising,  however,  in  lieu  of  the  large 
amount  of  1 , 2 , 3 , 4-tetrabromide  that  is  formed,  since 
only  10%  of  the  starting  bromide  was  converted  to 
bromination  product  and  any  change  that  did  take  place 
would  be  highly  attenuated  by  the  unreacted  starting 
material.  From  the  relative  peak  intensities  of  the 
parent  peaks  of  the  dibromides,  the  average 
Br-79:Br-81  ratio  for  the  two  molecules  could  be 
determined  (see  Appendix  3) ,  as  well  as  the  isotopic 
ratio  of  each  bromine  atom  in  these  dibromides  (see 
Table  21) .  Due  to  the  small  size  of  the  first  peak, 
m/e  214,  the  errors  in  these  calculated  values  were 
quite  large. 

For  a  direct  substitution  mechanism,  the 
dibromides  should  both  contain  27.3%  Br-79  and  72.7% 
Br-81,  while  the  mass  spectral  peak  intensities  should 
be  in  a  ratio  of  1:25:24  (see  section  1.2.4).  The 
difference  between  the  isotopic  content  and  the  mass 
spectral  peak  intensities  of  the  dibromides  from  that 
of  direct  substitution  showed  that  the  two  dibromides 
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were  not  formed,  at  least  in  part,  by  the  same 
mechanism. 


In  the  formation  of  1, 3-dibromobutane ,  since 
the  radical  center  was  two  atoms  removed  from  the 
bromine  substituent,  no  elimination  was  possible.  There¬ 
fore,  as  this  dibromide  contained  more  Br-79  than 
predicted  by  direct  substitution  from  the  original 
bromine  pool,  the  bromine  pool  leading  to  this  substitu¬ 
tion  product  must  have  been  enriched  in  this  isotope 
during  the  reaction.  This  is  most  readily  explained 
by  a  process  involving  the  elimination  of  bromine  atoms 
from  the  3-bromobutyl  radicals  formed  by  abstraction 
of  the  3-hydrogens  of  1-bromobutane .  The  eliminated 

bromine  atoms  (Br-79 : Br- 81  =  0.506:0.494)  mixed 

6  8  —  74 

rapidly  with  the  bromine  pool  to  increase  its 

Br-79  content.  1 , 3-Dibromobutane ,  formed  by  transfer 
of  the  y-radical  with  the  bromine  pool,  would  then 
contain  the  original  bromine  atom  (Br-79 :Br-81  = 
0.506:0.496)  and  a  second  bromine  atom  richer  in  Br-79 
than  that  predicted  by  direct  substitution  with  the 
original  bromine  pool.  The  isotopic  ratio  of  the  two 
bromine  atoms  in  this  dibromide  substantiated  this 
conclusion  (see  Table  21).  One  atom  (Br-79:Br-81  = 
0.49:0.51  ±  0.02)  was  within  experimental  error  of  the 
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original  bromine  atom  in  1-bromobutane .  The  second 
bromine  atom,  i.e.  the  one  at  the  3-position,  must 
have  come  from  the  "average"  bromine  pool.  The 
Br-79 : Br~ 81  ratio  of  the  average  bromine  pool  must 
therefore  have  been  the  same  as  this  atom,  viz.  0.15: 

0.85  ±  0.02. 

1 , 2-Dibromobutane  could  have  conceivably  been 
formed  by  three  distinguishable  processes:  by  direct 
substitution  from  the  [3-bromobutyl  radicals,  by  addition 
of  bromine  to  1-butene,  or  by  a  combination  of  both 

I 

these  paths.*  In  the  first  case,  it  would  be  expected 
to  have  the  same  isotopic  composition  as  1,3-dibromo- 
butane,  which  had  to  be  formed  by  direct  substitution. 
This  is  clearly  not  the  case.  In  the  second  instance, 
addition  of  bromine  to  1-butene  would  introduce  identical 
bromine  atoms  into  the  two  positions  of  this  product. 

1 

This  cannot  have  been  going  on  exclusively,  since  the 
two  bromine  atoms  were  different.  1 , 2-Dibromobutane 
must  have  therefore  been  formed  by  both  pathways.  The 
bromine  atom  in  the  2-position  of  this  product  must  have 


*  A  fourth  process  is  also  possible:  this  would  involve 
addition  of  hydrogen  bromide  to  1-butene  to  give  1-bromo¬ 
butane  (not  containing  the  original  bromine  atom)  which 
would  then  be  brominated  to  give  1 , 2-dibromobutane .  This 
path  cannot  be  important  since  the  recovered  1-bromobutane 
after  reaction  was  not  detectably  enriched  in  bromine-81; 
furthermore,  bromination  of  1-butene  in  the  vapour  phase  with 
with  added  hydrogen  bromide  gave  only  traces  of  1-bromo¬ 
butane  (see  section  II. 4. 3). 

■ 
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come  from  the  bromine  pool,  immaterial  of  the  mechanism 
of  formation  of  this  compound.*  This  bromine  atom 
should  therefore  have  the  same  isotopic  ratio  as  the 
bromine  atom  in  the  3-position  of  1 , 3-dibromobutane ,  if 
the  two  dibromides  were  formed  at  a  constant  rate 
relative  to  each  other.  This  atom  must  be  the  one  having 
the  Br-79 :Br-81  ratio  of  0.11:0.89  ±  0.03  (see  Table  21). 
Although  the  isotopic  composition  of  this  atom  was  within 
experimental  error  of  the  second  bromine  atom  in  1,3- 
dibromobutane ,  the  small  difference  may  imply  that 
addition  to  1-butene  takes  place  to  larger  extents  at  the 
early  stages  of  the  reaction,  when  the  bromine  pool  was 
not  substantially  diluted  with  bromine-79. 

These  results  were  consistent  with  elimina¬ 
tion  of  bromine  atoms  from  the  3-bromobutyl  radicals  to 
give  1-butene,  and  at  least  part  of  the  alkene  added 
bromine  to  give  1 , 2-dibromobutane  containing  bromine 
enriched  in  Br-81  in  both  the  1-  and  2-positions  of  the 
molecule.  The  average  fraction  of  1 , 2-dibromobutane 
that  was  formed  from  1-butene  could  be  calculated  if 
it  was  assumed  that  the  rate  of  formation  of  this 

*  An  exception  to  this  would  be  a  1,2-migration  of  bromine, 
since  this  would  introduce  the  original  bromine  atom  of  1- 
bromobutane  into  the  2-position.  Such  a  migration  is  not 
expected  to  be  important,  as  it  involves  the  formation  of  a 
primary  radical  from  a  secondary  one.  This  process,  how¬ 
ever,  if  it  does  occur  does  not  change  the  isotopic  content 
of  the  1, 2-dibromobutane  formed. 


dibromide  was  constant  relative  to  the  rate  of  forma¬ 
tion  of  1 , 3-dibromobutane .  This  fraction  was  found  to  be 
0o59  (see  Appendix  3),  showing  that  on  average,  more  than 
half  of  the  vicinal  dibromide  was  formed  by  addition  of  bro¬ 
mine  to  1— butene .  This  fraction  is  larger  than  the  corres¬ 
ponding  fraction  in  solution  at  40°  (section  1.2.4). 

This  is  reasonable,  since  elimination  in  the  vapour  phase 
should  occur  to  larger  extents  than  in  solution,  since 
the  lower  concentrations  that  are  normally  used  in  the 
gas  phase  reactions  make  the  lifetime  of  the  radicals 
longer.  Elimination  of  bromine  atoms  from  the  $-bromo- 
butyl  radicals  is  a  unimolecular  reaction,  while  transfer 

reactions  are  necessarily  bimolecular:  the  extent  of 
reaction  62  should  therefore  depend  strongly  on  the 
concentration  of  the  transfer  agents. 

II. 4. 2  Bromination  of  1-Bromobutane  in  the  Vapour  Phase 

The  bromination  of  1-bromobutane  with  bromine 
under  "normal"  bromination  conditions  was  studied  at 
different  percentage  reaction  to  determine  if  the  product 
distribution  varied  with  the  extent  of  the  reaction. 

The  reactions  were  run  in  a  5  1  reaction  bulb,  and  after 
photolysis,  the  contents  of  the  bulb  were  collected,  an 
internal  standard  added,  and  the  residual  bromine 
concentration  determined  by  iodometric  titration.  The 
organic  compounds  were  extracted  in  dichloromethane ,  and 
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analyzed  by  glpc.  Five  products  were  detected  (Table  22) , 
1'1“'  1>2~  and  1, 3-dibromobutane,  1,2,2-  and  1 , 2 , 3-tribromo- 
butane.  No  tetrabroraide  was  detected  in  these  reactions: 

1 , 2 , 3 , 4-tetrabromobutane  is  a  solid  and  is  insoluble  in 
dichloromethane  and  Freon  113.  It  was  also  not  eluted 
from  the  glpc  columns  that  were  used  to  analyze  the  products 
of  these  bromination  reactions.  Recently  (see  Appendix  4) 
it  has  been  shown  that  the  tetrabroraide  is  formed  in  these 
reactions  at  ambient  temperatures.  It  is  probable  that  it 
was  not  detected  in  the  reactions  listed  in  Table  22.  The 
results  in  this  table  are  therefore  listed  as  the  percent¬ 
age  of  the  products  detected.  Control  experiments  showed 
that  recovery  from  the  reaction  vessel  of  all  these  products 
was  always  >97%. 

At  low  conversion  of  the  bromine,  the  major 
product  detected  was  1 ,2-dibromobutane;  as  the  reaction 
progressed,  however,  the  amount  of  this  product  decreased 
steadily,  while  the  amount  of  1 , 2 , 3-tribromobutane  (and 
presumably  1 , 2 , 3 , 4-tetrabromide)  increased.  These  results 
were  consistent  with  the  proposal  that  1 , 2-dibromobutane 
and  1,2, 3-tribromobutane  (and  1 , 2 , 3 , 4-tetrabromide)  were 
formed  from  the  same  intermediate,  which  was  trapped  as 
dibromide  to  a  large  extent  when  the  bromine  concentration 
was  high,  and  which  gave  increasing  amounts  of  polybromide 
as  the  bromine  was  consumed. 


t  !  •  1  ■  ^ n  -  ■  T 
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Table  22 

Photobromination  of  1-Bromobutane  (2.6  x  10"4  M)  with 


Molecular 

Bromine 

(5.0  x  10 

^  M)  to 

Different  Percent 

Conversion 

in  the  Vapour  Phase  at  23° 

/ 

% 

/ - 

Products , 

a  relative  ratios  - . 

Conversion 

A,i 

1,2 

1,3 

1,2,2 

1,2,3  ' 

5 

1.2 

58.1 

15.1 

0.0 

25.6 

12 

2.4 

52.6 

15.4 

0.0 

29.7 

30 

2.1 

47.3 

17.4 

1.2 

32.0 

100 

2.0 

32.7 

14.2 

2.9 

48.3 

Reported  as  percentage  of  the  sum  of  the  products  that 


were  detected. 


■ 
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It  appeared  likely  that  if  the  initial  bromine 

concentration  were  high  enough,  and  this  concentration 

did  not  change  significantly  during  the  reaction,  most 

of  the  intermediate  would  be  trapped  as  dibromide. 

-5 

When  1-bromobutane  (8.20  x  10  M)  was  allowed  to  react 

-4 

with  molecular  bromine  (1.46  x  10  M)  in  the  vapour 
phase  to  6%  conversion  of  1-bromobutane,  1 , 2 , 3-tribromo- 
butane  made  up  only  3%  of  the  total  products  (Table  23, 
reaction  1) ,  and  the  major  product  was  1 , 2-dibromobutane . 
Increasing  the  bromine  concentration  further  did  not 
significantly  change  the  amount  of  1 , 2 , 3-tribromobutane 
formed  (Table  23,  reaction  2). 

Thus  the  presence  of  large  amounts  of 
transfer  reagent  eliminated  most  of  the  tribromide 
usually  formed  in  the  vapour  phase  photobromination  of 
1-bromobutane.  This  may  be  due  to  the  trapping  of 
B-bromobutyl  radicals  before  they  eliminate  or  due  to 
addition  of  bromine  to  the  alkene  instead  of  allylic 
bromination  at  the  high  bromine  concentrations  used. 

The  former  is  more  probable,  since  bromination  of  1- 
butene  in  the  vapour  phase  gave  large  yields  of  allylic 
bromination  under  all  conditions  used  (see  section  II. 4. 3). 
In  any  case,  the  formation  of  1 , 2 , 3-tribromobutane  in 
the  gas  phase  under  "normal"  bromination  conditions  is 
due  to  the  low  concentrations  that  are  normally  used 
in  the  gas  phase  reactions. 


133 . 


Table  23 

Photobromination  of  1-Bromobutane  Under  Special 

Conditions3 

Reaction  %  /— — —  Products,  %c 


# 

[C4H9Br]° 

[Br2]° 

Conversion*3 

1,2 

1,3 

\ 

1,2,3 

1  e  rd 

0.82 

1.46 

6 

2.1 

79.1 

16.0 

2.9 

2f'd 

0.45 

47.1 

14 

1.7 

79.6 

17.0 

1.7 

3g,d 

3.14 

11.5 

16 

1.7 

81.9 

13.1 

3.3 

4  h 

2.78 

0.66 

100 

0.4 

34.4 

23.2 

42.0 

Concentrations  M,  x  loC 

^Percent  conversion  based  on  1-bromobutane,  except  for 
reaction  4,  where  it  is  based  on  bromine. 
cProducts  were  identified  by  collection  and  comparing 
their  nmr  and  mass  spectra  with  those  of  the  authentic 
materials. 

Che  1, 2 , 3, 4-tetrabromobutane  is  omitted  from  the  material 
balance  and  presumably  it  is  formed  in  amounts  approximately 
equal  to  that  of  1 , 2 , 3-tribromobutane  (see  Appendix  4). 
eGas  phase,  12  1  reaction  bulb,  22°. 
fGas  phase,  5  1  reaction  bulb,  24°. 

gGas  phase,  12  1  reaction  bulb,  23°.  This  reaction  was 
4.82  x  10~3  M  in  hydrogen  bromide. 

hFreon  113,  3  1,  26°,  this  reaction  gives  a  97.7%  material 


balance  based  on  bromine. 
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On  the  basis  of  this  argument,  the  gas  phase 
distribution  of  products  should  be  obtained  in  solution 
if  low  enough  concentrations  of  molecular  bromine  were 
used.  A  Freon  113  bromination  was  run  (Table  23, 
reaction  4)  using  the  same  concentrations  as  in  the 
vapour  phase  reactions  (cf.  Table  22) .  The  solution  was 
photolyzed  till  all  the  bromine  colour  was  discharged, 
a  known  amount  of  two  internal  standards  was  added,  and 
the  solution  was  washed  with  aqueous  sodium  bisulphite 
solution  and  dried.  It  was  carefully  concentrated  by 
distillation  on  a  spinning  band  column  and  then  analyzed 
by  glpc. 

The  ratio  of  the  two  internal  standards  (chloro¬ 
benzene  and  o-dichlorobenzene)  was  the  same  before  and 
after  the  distillation,  showing  that  no  loss  of  the 
lower  boiling  products  took  place  during  the  distillation. 

Only  four  products  were  detected,  and  their  relative 
yields  were  very  similar  to  those  obtained  in  the  vapour 
phase  reaction  under  "normal"  bromination  conditions.  In 
contrast  to  the  usual  liquid  phase  brominations ,  the 
major  product  was  1 , 2 , 3-tribromobutane  (42%),  as  expected 
from  the  reaction  of  bromine  with  1-butene  under  these 
conditions,  i.e.  allylic  bromination  rather  than  addition. 

In  the  solution  phase  reaction  no  allylic  bromination  of 
the  bromobutenes  seems  to  have  taken  place  since  a  material 


balance  was  obtained  (i.e., 
formed) . 


no  1 , 2 , 3 , 4-tetrabromobutane  was 


In  view  of  these  results,  Tedder's  recent 

report  on  the  reaction  of  1-bromobutane  with  bromine 

in  a  static  system  in  the  gas  phase  is  surprizing.  In 

his  original  study,  using  a  flow  system,  no  1,2-dibromo- 

butane  was  detected,  and  a  brown  film,  probably  due  to 

polybromides,  formed  on  the  surface  of  the  reaction 
13 

vessel.  ~  In  his  reinvestigation  of  the  reaction  in  a 

static  system  (see  Table  20) ,  no  polybromides  were 
82 

reported.  In  this  case,  after  photolysis,  the  reaction 
mixture  was  passed  through  a  "Carbosorb"  (soda  lime) 
column  to  separate  the  unreacted  bromine  and  hydrogen 
bromide  from  the  organic  materials.  The  ratio  of  1,2- 
to  1 , 3-dibromobutane  that  was  reported  at  high  con¬ 
version  of  bromine  (2.2,  100°)  is  the  same  as  that 

109 

reported  by  Kharasch  et  al .  (2.2,  100°)  and  that 

found  in  this  study  (2.3,  23°,  cf.  Table  22,  last 
reaction)  at  complete  conversion  of  the  bromine.  It 
is  possible  that  the  polybromides  that  were  formed  in 
Tedder's  reaction  were  trapped  in  the  Carbosorb  column 
and  therefore  could  not  be  detected  in  the  subsequent 
glpc  analyses. 


These  results  gave  strong  support  to  the  mech- 


' 
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anism  proposed  in  Scheme  5  for  the  formation  of  1,2,3-tri- 
bromobutane  and  1,2 , 3, 4-tetrabromobutane  in  the  gas  phase. 
In  solution ,  in  the  presence  of  a  high  concentration  of 
bromine  the  1— butene  that  is  formed  by  elimination  of  bro~ 
mine  atoms  from  the  3-bromobutyl  radicals  adds  bromine 
(ionically  and/or  free  radically)  to  give  1,2-dibromo- 
butane  exclusively.  When  the  concentration  of  bromine 
is  low ,  either  in  the  gas  phase  or  in  solution ,  the 
butene  is  brominated  allylically  and  the  allylic  bromides 
add  bromine  to  give  1 , 2 , 3 , 4-tetrabromobutane  and/or  1,2,3- 
tribromobutane o  On  the  basis  of  the  bromination  with  Br-81 
in  the  vapour  phase,  however,  part  of  the  butene  adds  bro¬ 
mine,  even  in  the  gas  phase. 

II. 4. 3  Bromination  of  1-Butene  in  the  Vapour  Phase 


A  study  of  the  vapour  phase  photobromination 

of  1-butene  was  undertaken  to  obtain  more  evidence 

for  the  mechanism  proposed  in  Scheme  5  (page  127). 

From  the  proposed  mechanism,  the  rate  of  formation 

of  substitution  products  relative  to  the  rate  of 

formation  of  addition  product  from  1-butene  is  given 

by  equation  68,  where  k,  =  k  +  k  (Scheme  5). 

r’  *-l  '-2 

d (Substitution) /dt  kfc[A*] 

k4[R-] 


d (Addition ) /dt 


(68) 


143. 

Assuming  a  steady  state  concentration  of  2-bromobutyl  (R*) 
and  allylic  (A*)  radicals,  this  expression  may  be  re¬ 
written  to  eliminate  these  species  (equation  69),  where 


d (Substitution) /dt  k  k  (k  +  k,  [Br9]) 

L-  S  ci  4x  Z 

d (Addition) /dt  k„k  (k  [HBr]  +  k.  [Br0]) 

4  a  -s  t  z. 


(69) 


k  =  k_  +  k_  .  The  rate  of  substitution  relative 
"  S1  -s2 

to  the  rate  of  addition  is  therefore  independent  of  the 


alkene  concentration,  but  dependent  on  the  bromine  and 
hydrogen  bromide  concentrations. 


The  bromination  of  1-butene  with  molecular 
bromine  was  run  in  the  vapour  phase  under  different 
conditions  (Table  24) .  Only  four  products  were  detected 
when  the  reaction  was  run  with  an  excess  of  1-butene: 
1-bromobutane,  l-bromo-2-butene ,  3-bromo-l-butene  and 
1,  2-dibromobutane .  The  products  were  identified  by 
comparing  their  glpc  retention  times  with  those  of 
authentic  materials.  They  were  also  collected  by  pre¬ 
parative  glpc  and  the  mass  and  nmr  spectra  were 
identical  with  those  of  the  authentic  compounds  (see 
section  III. 12) .  Only  a  trace  of  1-bromobutane  was 
detected  in  all  the  reactions  (<0.4%);  it  is  not  included 
among  the  products  in  Table  24. 


2-Butene  was  never  detected  in  these  reactions. 


■ 


Vapour  Phase  Photobromination  of  1-Butene  with  Molecular  Bromine 
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In  order  to  optimize  the  conditions  for  its  formation , 
1-butene  was  brominated  in  the  presence  of  equimolar 
amounts  of  bromine  and  hydrogen  bromide  (reaction  11, 

Table  24).  No  2-butene  was  formed  in  this  reaction 
either.  2-Butene  should  be  the  major  product  from 
reaction  of  the  allylic  radical  with  hydrogen  bromide, 

and  the  large  excess  of  1-butene  in  this  reaction  should 

\ 

ensure  that  any  2-butene  that  is  formed  would  not  be 
completely  brominated.  The  absence  of  this  isomer  in 
these  reactions  indicates  that  reversal  with  hydrogen 
bromide  does  not  compete  effectively  with  transfer 

i 

with  bromine,  and  therefore  equation  69  may  be  simplified 
to  equation  70,  which  predicts  that  rate  of  allylic 
substitution  relative  to  the  rate  of  addition  to  1-butene 
should  increase  as  the  bromine  concentration  is  decreased. 

d (Substitution) /dt  k  k 

— - —  =  — (1  +  — — )  (70) 

d (Addition) /dt  k^  k^tB^l 

A  large  yield  of  the  two  allylic  bromides  was 
always  formed  in  the  vapour  phase  photobromination  of 
1-butene,  together  with  variable  amounts  of  1,2-dibromo- 
butane.  The  yield  of  the  addition  product  was  found  to 
depend  on  the  concentration  of  molecular  bromine  (cf . , 
e.g.,  reactions  1  and  2,  Table  24),  as  expected,  on  the 
time  the  two  reactants  were  left  to  equilibrate  in  the 


absence  of  light  prior  to  the  photolysis  (cf.  reactions 

1,  5  and  6,  Table  24) ,  and  on  the  size  of  the  reaction 

bulb  (cf.  reactions  4,  8  and  9 ,  Table  24) .  The  last  two 

observations  indicated  that  the  dibromide  was  probably 

formed  at  least  in  part  by  an  ionic  addition  of  bromine 

to  1-butene  on  the  surface  of  the  reaction  vessel.  When 

very  low  concentrations  of  bromine  were  used  in  a  22  1 

reaction  bulb,  1-butene  gave  up  to  97.5%  yield  of  the 

two  allylic  bromides,  and  the  amount  of  1,2-dibromo- 

butane  did  not  increase  significantly  by  increasing  the 

equilibration  time  (cf.  reactions  8  and  9,  Table  24). 

The  large  yield  of  allylic  bromides  is  probably  due  to 

the  reversibility  of  the  addition  reaction,  i.e.  k  in 

— a 

equation  70. 


1 , 2 , 3-Tribromobutane  was  not  detected  in  the 
brominations  of  1-butene  with  a  deficiency  of  molecular 
bromine:  the  alkene  was  therefore  brominated  allylically 

much  faster  than  the  allylic  bromides  added  bromine  to 
give  tribromide.  Since  in  the  bromination  of  1-bromo- 
butane  allylic  bromides  were  not  detected,  the  allylic 
bromides  must  have  added  bromine  faster  than  1-bromo- 
butane  brominated.  To  substantiate  this  proposal,  a 
mixture  of  l-bromo-2-butene  and  3-bromo-l-butene  (6.7  x 

c  _c 

10  M)  and  1-bromobutane  (6.2  x  10  M)  was  allowed  to 

-5 

react  with  bromine  (5.70  x  10  M)  in  the  vapour  phase. 


' 
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Three  products  were  detected  by  glpc,  1,2-  and  1,3- 
dibromobutane  and  1 , 2 , 3-tribromobutane .  Assuming  that  the 
dibromides  were  formed  from  the  bromination  of  l-bromo- 
butane,  the  relative  rate  of  bromination  of  the  allylic 
bromides  to  that  of  1-bromobutane  was  calculated  to  be  53 
(see  section  III. 13).  Since  tetrabromide  was  undoubtedly 
formed  in  this  reaction,  and  was  not  detected  in  the  analy¬ 
sis,  this  relative  rate  must  be  taken  as  a  minimum.  (Since 
the  completion  of  this  work  the  1, 2 , 3 , 4-tetrabromobutane  has 
been  detected  in  this  reaction) . 

Since  the  major  products  (polybrominated  butanes) 
in  the  competitive  bromination  must  have  been  formed  from  the 
allylic  bromides,  this  experiment  showed  that  the  allylic 
bromides  did  in  fact  give  1 , 2 , 3-tribromobutane  and  1,2, 3,4- 
tetrabromobutane  on  reaction  with  bromine  in  the  vapour 

phase  at  ambient  temperature.  In  a  separate  experiment 

—  5 

to  test  this,  the  bromination  of  1-butene  (3.60  x  10  M) 

_5 

with  excess  bromine  (8.6  x  10  M)  in  the  vapour  phase 
was  studied.  The  mixture  was  photolyzed  for  five 

-4 

seconds,  and  then  a  large  excess  of  toluene  (5.3  x  10  M) 
was  introduced  and  the  system  irradiated  till  all  the 
bromine  had  reacted.  The  products  were  collected  and 
analyzed  by  glpc.  Only  three  products  were  detected, 
benzyl  bromide  (95 . 8%  based  on  bromine) ,  1 , 2— dibromo— 
butane  (0.4%)  and  1 , 2 , 3-tribromobutane  (3.5%).  This 


* 
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result  gave  further  proof  that  1 , 2 , 3-tribromobutane  was 
formed  from  1-butene  in  the  bromination  of  1-bromobutane. 

1 , 2 , 3 , 4-Tetrabromobutane  was  not  observed  in 
these  brominations ,  or  those  of  1-bromobutane  (section 
II. 4. 2).  It  may  have  been  formed  and  not  detected.  The 
work— up  of  the  reaction  mixtures  included  drying  over 
magnesium  sulphate  or  the  addition  of  solid  sodium  hydrogen 
carbonate  to  the  frozen  mixture.  Since  this  tetrabromide 
is  a  solid,  it  might  have  been  lost  in  these  steps.  Its 
formation  in  these  reactions,  however,  should  not  effect 
any  of  the  arguments  presented  here;  it  would  only  indicate 
that  the  allylic  bromides  may  be  brominating  allylically  as 
well  as  adding  bromine  to  give  1 , 2 , 3-tribromobutane . 

II. 4. 4  Kinetic  Study  of  the  Bromination  of  Perdeuterio- 

1-bromobutane  in  the  Vapour  Phase 

The  reaction  of  the  $-bromobutyl  radicals 

other  than  transfer  with  bromine  and  with  hydrogen 

bromide  in  the  vapour  phase  leads  partly  to  1,2,3- 

tribromobutane  through  the  formation  of  1-butene.  The 

extent  of  this  reaction  may  therefore  be  monitored  by 

✓ 

the  amount  of  1 , 2 , 3-tribromobutane  produced  in  the 
bromination  of  1-bromobi  >e  in  the  vapour  phase.  Since 
when  this  reaction  was  Coiried  out  in  the  presence  of 
excess  molecular  bromine  and  excess  hydrogen  bromide  in 


of  this  tribromide  was  formed 


the  vapour  phase,  <4% 

(see  reaction  3,  Table  23)  ,  it  was  anticipated  that  the 
the  bromination  of  perdeuterio-l-bromobutane  under 
these  conditions  would  be  only  minimally  complicated 
bY  elimination  from  the  perdeuterio— 3— bromobutyl 
radicals.  The  relative  rates  of  abstraction  from 
perdeuterio-l-bromobutane  by  bromine  atoms,  and  the 
relative  rates  of  transfer  of  the  isomeric  perdeuterio- 
bromobutyl  radicals  with  bromine  and  with  hydrogen 
bromide  could  be  determined  using  the  same  method  as 
was  used  for  perdeuterio-l-chlorobutane  (section  II. 3.1). 

Under  these  conditions  (excess  bromine  and 
excess  hydrogen  bromide,  12  or  22  1  reaction  vessels, 
see  Table  25) ,  six  products  were  detected  other  than 
unreacted  starting  material  when  the  recovered  reaction 
mixture  was  analyzed  by  glpc:  1,1-,  1,2-  and  1,3- 
dibromobutane-dg ,  1,2,2-,  1,3,3-  and  1 , 2 , 3-tribromo- 
butane-d^,«  These  products  were  identified  by  com¬ 
parison  of  their  glpc  retention  times  with  those  of  the 
authentic,  non-deuterated  materials  on  two  columns. 

They  were  collected  by  preparative  glpc  and  their  mass 
spectra  were  found  to  be  identical  with  those  of  the 
protiated  compounds  when  they  were  corrected  for  the 
presence  of  deuterium  instead  of  protium. 

The  yield  of  1 , 2 , 3-tribromobutane-d^  was 
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Table  25 

Photobromination  of  Perdeuterio-l-Bromobutane 
with  Excess  Bromine  and  Excess  Hydrogen 
Bromide  in  the  Vapour  Phase 


r 


Concentration  M,  x  10^ 


a 


Reactantsc 


[RD (H) ]° 

23.  36 

44.58 

16.40 

15.56 

[Br2]° 

83.83 

144.13 

83.35 

83.89 

[HBr]  ° 

364.8 

596.0 

865.5 

842.6 

[RaH] ° 

1.51 

2.88 

1.06 

1.01 

[R^H]0 

0.26 

0.50 

0.18 

0.18 

[RyH]° 

0.48 

« 

0.92 

0.34 

0.32 

[R6H] ° 

1.88 

3.59 

1.32 

1.25 

Products 

[RD (H) ] 

16.03 

38.32 

14.76 

11.33 

[RaH] 

1.54 

2.92 

1.07 

1.03 

[RSH] 

0.72 

0.96 

0.28 

0.66 

[RYH] 

1.01 

1.58 

0.42 

0.70 

[r6h] 

1.91 

3.61 

1.33 

1.26 

[RaBr] 

0.11 

0.15 

0.02 

0.05 

[RSBr] 

5.25 

5.98 

0.50 

2.33 

[RYBr] 

0.78 

0.97 

0.05 

0.24 

[R6Br]d 

0.00 

0.00 

0.00 

0.00 

1,2, 3-Tribromidee 

0.14 

0.09 

0.00 

0.06 

Other ^ 

0.14 

0.15 

0.00 

0.05 

continued. . . . . . 
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Table  25  (cont1 d. ) 


ia 

2a 

3b 

4b 

Average 

Relative  Rate 

Constants^ 

kBr2//kHBr 

26.2 

26.6 

29.6 

30.2 

28. 2±1. 8 

k2/k_i 

16.4 

15.5 

17.0 

25.1 

18 . 5±3 . 3 

Vk-3 

52.3 

55.9 

51.9 

51.1 

52 . 8±1 . 6 

k6/k_5 

6.40 

6.08 

6.49 

6.34 

6 . 33±0 . 14 

kl//k5 

0.11 

0 . 12 

0.20 

0.11 

0 . 13±0 . 0  3 

k3/k5 

4.57 

4.10 

4.62 

4.71 

4 . 50±0 . 20 

k?/k5 

0.01 

0.01 

0.05 

0.01 

0 . 02±0  *  01 

Temperature 

24° 

26° 

24° 

25° 

cl 

Run  in  12  1  reaction  vessel* 

DRun  in  22  1  reaction  vessel. 

c [RD (H) ]  refers  to  the  concentration  of  perdeuterio-1- 
bromobutane,  and  [R1H]  is  the  average  concentration  of 
protium  at  position  h 
^ot  detected  by  glpc. 
el ,2 f 3-Tribromobutane . 

^1 , 2 , 2-Tribromobutane  ( ~  9  5  % )  and  1 , 3 , 3-tribromobutane  (~5%) . 
^See  Scheme  1.  Calculated  using  equations  23  or  29. 
nRelative  rate  of  transfer  of  perdeuteriobromobutyl  radicals 
with  bromine  and  with  hydrogen  bromide. 
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always  less  than  2%  of  all  the  bromination  products. 
Therefore  only  about  2-4%  (corrected  for  undetected  1, 2,3,4- 
tetrabromobutane)  elimination  was  taking  place,  since  only 
negligible  amounts  of  1 , 2 , 3-tribromobutane  come  from  the 
bromination  of  other  products  (see  Appendix  4) .  Only  traces 
of  1 , 3 , 3-tribromobutane-d^  were  detected;  this  compound  is 
the  major  bromination  product  of  1 , 3-dibromobutane-d0  (see 

O 

Appendix  4).  The  material  balance  in  these  brominations , 
based  on  perdeuterio-l-bromobutane ,  was  always  greater  than 
91%.  Control  experiments  on  the  recovery  and  isolation 
procedures,  using  mixtures  of  1-bromobutane ,  1,2-,  1,3-  and 
1 , 4-dibromobutane ,  1 , 2- 3-tribromobutane ,  molecular  bromine 
and  hydrogen  bromide  (see  section  III. 4),  showed  that  the 
yield  of  the  recovered  dibromides  was  greater  than  98%,  and 
that  of  the  tribromide  was  greater  than  97%. 

The  unbrominated  perdeuterio-l-bromobutane 
was  collected  by  preparative  glpc  and  the  amount  of 
protium  incorporation  at  each  position  was  determined 
from  a  comparison  of  the  H1  100  MHz  spectrum  of  the 
residual  protium  in  the  starting  material  and  the 
spectrum  of  the  recovered  perdeuterio-l-bromobutane 
(Table  25),  using  1 , 1-diphenylethene  as  internal  standard 
(see  Fig.  7  and  8) . 


The  relative  rates  of  transfer  of  the  bromo- 
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Fig,  7,  NMR  Spectrum  of  a  Freon  113  Solution  of  Perdeuterio-l-bromobutane 
(after  reaction)  and  1 , 1-Diphenylethene  (TMS  internal  standard) 
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Fig.  8.  Deuterium  Decoupled  NMR  Spectrum  of  a  Freon  113  Solution  of  Perdeuterio- 
1-bromobutane  (after  reaction)  and  1 , 1-Diphenylethene  (TMS  internal  standard) 


butyl  radicals  with  bromine  and  with  hydrogen  bromide 
were  determined  using  equation  23;  they  were  found 
to  be  independent  of  the  ratio  of  bromine  to  hydrogen 
bromide  and  of  the  volume  of  the  reaction  vessel 
(Table  25) .  The  relative  rate  of  transfer  for  the 
bromobutyl  radicals  with  bromine  and  with  hydrogen 
bromide  was  calculated  as  28.2  ±  1.4.  Thus  only  3.4% 
of  the  radicals  formed  reverse  with  hydrogen  bromide 
when  the  concentrations  of  bromine  and  hydrogen  bromide 
are  equal.  1-Bromobutane  is  therefore  more  deactivated 
towards  reversal  than  1-chlorobutane  is,  where  7.5%  of 
the  radicals  formed  reversed  with  hydrogen  bromide 
under  these  conditions  (section  II. 3.1). 

The  relative  rates  of  transfer  for  the 
isomeric  bromobutyl  radicals  were  18.5  ±  3.3,  52.8  ±  1.6 
and  6.33  ±  0.14  for  the  a- ,  ft-  and  y-radicals  respectively. 
The  relative  rate  of  transfer  with  bromine  and  with 
hydrogen  bromide  for  the  6 -position  could  not  be  calcu¬ 
lated,  as  no  perdeuterio-1 , 4-dibromobutane  was  detected. 

0 

Assuming  that  a  concentration  of  10  M  of  this  compound 
would  have  been  detected  by  glpc,  kg/k_^  (Scheme  1, 

X  =  Br)  must  be  less  than  0.2.  The  rates  of  deuterium 
abstraction  from  perdeuterio-l-bromobutane ,  relative  to 
the  rate  of  abstraction  of  the  y-deuterium,  obtained 
using  equation  29,  were  0.13  ±  0.03,  4.50  ±  0.20  and 


0.02  ±  0.01  for  the  a-,  $-  and  6-positions  respectively. 


The  ft-position  is  clearly  unique  in  the 

molecule.  The  relative  rates  of  transfer  with  bromine 
and  with  hydrogen  bromide  for  the  y—  and  6-radicals 
are  very  similar  to  those  for  the  analogous  radicals 
from  perdeuterio-l-chlorobutane  (cf.  Table  14);  the  ones 
for  the  perdeuteriochlorobutyl  radicals  are  slightly 
larger,  as  expected  from  the  greater  polar  effect 
of  the  chlorine  substituent  (this  assumes  that  the 
rate  of  transfer  with  molecular  bromine  is  the  same 
for  analogous  chloro-  and  bromoperdeuteriobutyl  radicals) . 
The  a-radical  in  perdeuterio-l-chlorobutane  is  much  more 
deactivated  towards  reversai  than  that  radical  from 
perdeuterio-l-bromobutane.  This  is  also  expected,  since 
the  a-position  is  the  position  that  suffers  the  largest 
inductive  polar  deactivating  effect.  The  relative  rate 
of  abstraction  of  the  a-deuterium  relative  to  the  y~ 
deuterium  is  larger  for  perdeuterio-l-chlorobutane 
(k^/k^  =  0.34)  than  for  its  bromo- counterpart  (k^/k^  = 
0.13);  probably,  this  reflects  the  weaker  C-D  bond  in 
the  former  compound,  and  the  greater  stabilization  of  the 
radical  in  the  transition  state  by  chlorine  (structure 

t 

2b,  page  4) „ 


The  $-position  of  perdeuterio-l-bromobutane  is 


unique  towards  reversal  and  abstraction.  The  rate  of 
transfer  with  bromine  relative  to  that  with  hydrogen 
bromide  of  the  3-bromobutyl  radicals  (k4/k__3  =  53)  is 
more  than  three  times  bigger  than  that  for  the  more 
deactivated,  3-chlorobutyl  radicals  (k^/k_ _  -  16) .  The 
relative  rate  of  transfer  is,  in  fact,  quite  similar 
to  that  for  the  a-chlorobutyl  radicals.  These  results 
indicate  that  the  C-D  bonds  3  to  the  bromine  substituent 
are  weaker  than  expected.  The  weaker  bond  strength  is 
also  indicated  by  the  relative  rate  of  abstraction  of 
the  3“  and  y-deuteriums ,  k^/k,-  =  4.5.  Assuming  that 
the  polar  effects  for  a  chlorine  and  a  bromine  substituent 
are  roughly  the  same  on  the  y-position,  then  the 
deuterium  3  to  the  bromine  substituent  is  abstracted 
~  9  times  faster  than  that  3  to  the  chlorine  substituent. 

II. 4. 5  Bromination  of  1-Bromobutane  in  the  Vapour  Phase 

The  relative  rates  of  hydrogen  abstraction 
from  1-bromobutane  may  be  obtained  from  the  bromination 
of  this  compound  under  conditions  where  reversal  and 
elimination  were  negligible,  e.g.  in  the  reaction  with 
excess  bromine  run  to  low  conversion  of  1-bromobutane 
(reactions  1  and  2,  Table  23) . 
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Table  26 

Comparison  of  the  Relative  Rates  of  Abstraction  from 
1— Bromobutane  by  Bromine  Atoms  in  the  Vapour  Phase 


Method3 

Vk5b 

k^/k^ 

Kinetic  data  from 

Perdeuterio- 1-bromobutane  (Table 

25)  °‘13 

4.50 

Bromination  of  1-bromobutane, 

0.6: 1.0,  6%  conversion  (reaction 

1,  Table  23)  °'13 

5.13 

Bromination  of  1-bromobutane, 

0.01:1.0,  14%  conversion  (reaction  2,  Table  23)0,10 

00 

aRatio  given  is  that  of  1-bromobutane : bromine . 
b 

The  average  of  the  results  for  1-bromobutane  (last  two 
entries  of  the  table)  is  0.12  ±  0.02  for  k^/k^,  and  4.95  ± 
0.18  for  k3/k5« 


These  results  are  given  in  Table  26,  where 
they  are  compared  to  the  results  obtained  from 
perdeuterio-1— bromobutane „  The  rates  of  abstraction 
of  the  a-  and  3-hydrogens  relative  to  the  rate  of 
abstraction  of  the  y-hydrogens  were  0.12  ±  0.02  and 
4.95  ±  0.18  respectively. 

Both  these  results  are  in  reasonable  agreement 
with  those  obtained  from  the  kinetic  study  of  perdeuterio- 
1-bromobutane,  and  indicate  that  deuterium  isotope  effects 
are  unimportant  in  these  relative  rates  of  abstraction. 

These  results  compare  very  well  with  the 
result  obtained  by  Traynham  'for  the  bromination  of  1- 
bromobutane  in  liquid  bromine  at  60°.  On  the  basis 
of  the  results  obtained  from  cyclohexane  and  1-ch loro- 
butane  ,  the  relative  rates  of  abstraction  in  liquid 
bromine  should  not  be  complicated  by  cage,  complex  or 
solvent  effects,  and  should  be  the  same  as  in  the  gas 
phase  in  the  absence  of  reversal.  Traynham  reports 
that  the  ratio  of  1,2-  to  1 , 3-dibromobutane  was  5.1, 114 
which  is  the  same  as  found  in  the  bromination  of  1- 
bromobutane  in  the  gas  phase  with  excess  bromine 
(Table  23) ,  and  very  close  to  the  result  obtained  from 
perdeuterio-l-bromobutane . 


161. 


Since  the  mechanism  proposed  in  Scheme  1 
(X  —  Br)  was  not  applicable  to  the  vapour  phase 


bromination  of  1-bromobutane  under  "normal"  bromination 
conditions  because  of  the  elimination  of  bromine  atoms 
from  the  ft-bromobutyl  radicals,  a  test  for  the  kinetic 
data  similar  to  the  one  applied  for  the  bromination  of 
1-chlorobutane  (section  II. 3.2)  could  not  be  performed. 
Instead,  l—bromobutane  was  brominated  with  excess 
bromine  and  excess  hydrogen  bromide  in  the  vapour  phase. 
The  products  were  isolated,  and  the  ratio  of  the 
products  relative  to  1 , 3-dibromobutane  determined  by 
glpc.  (Table  27).  1 , 2 , 3-Tribromobutane  made  up  <3%  of 

all  the  products  in  these  reactions,  indicating  that 
there  was  only  minimal  complication  from  the  elimination 
reaction  under  these  conditions. 


The  ratio  of  the  rates  of  formation  of  any 


two  products  is  given  by  equation  24  (section  II. 1). 
Under  the  conditions  of  these  brominations  (i.e.  when 
the  bromine  and  hydrogen  bromide  concentrations  do  not 
change  significantly  during  the  reaction) ,  this  equation 
may  be  integrated  (equation  71) .  Equation  71  may  be 
used  to  predict  the  ratio  of  1,1-  to  1 , 3-dibromobutane , 


(71) 


- 


162 


X 

X 

eH 

0 

/H 

td 

fd 

X 

0 

3 

•3 

X 

•H 

0 

g 

g 

0 

0 

u 

P 

PQ 

pq 

i 

G 

pH 

0 

Cn 

x 

0 

o 

P 

Td 

G 

>i 

0 

ffi 

•H 

X 

0 

CM 

fd 

CO 

G 

0 

0 

-H 

O 

pH 

g 

X 

X 

0 

H 

td 

P 

H 

XI 

Td 

o 

G 

X 

(d 

o 

X 

0 

cm 

G 

•H 

— * 

g 

pH 

0 

P 

CM 

PQ 

CM 

■* — 

0 

0 

( D 

0 

0 

U 

td 

X 

A 

H 

Pm 

p 

3 

O 

dt 

fd 

> 

Td 

<T> 

rH 

CO 

00 

rH 

i 

X 

0 

CO 

in 

VO 

r* 

CO 

fd 

X 

• 

• 

• 

• 

• 

X 

0 

o 

O 

o 

o 

o 

CM 

0 

Td 

1 — 1 

+1 

+1 

+i 

+1 

+i 

X 

3 

CO 

CM 

VO 

00 

CM 

rH 

p 

o 

o\ 

rH 

VO 

VO 

00 

0 

vm 

rH 

• 

• 

• 

• 

• 

Td 

x 

fd 

VO 

r- 

00 

cn 

o 

G 

X 

K 

u 

rH 

fd 

\ 

X 

P 

Td 

rH 

on 

in 

rH 

in 

i 

0 

PQ 

CM 

CM 

CM 

CM 

CQ. 

0 

• 

• 

• 

0 

• 

w 

df> 

PS 

> 

o 

o 

o 

o 

o 

CM 

CO 

p 

+1 

+1 

+1 

+1 

+1 

*> 

V 

0 

CM 

o 

CM 

00 

ov 

i — 1 

0 

LD 

CM 

in 

o> 

00 

0 

X! 

• 

• 

® 

c 

• 

V 

>1 

O 

VO 

I"* 

00 

cr> 

o 

0 

fd 

rH 

G 

3: 

fd 

X 

f^0 

X 

3 

id 

xj 

in 

in 

VO 

VO 

X 

0 

0 

o 

o 

o 

o 

o 

0 

fd 

X 

• 

© 

e 

© 

0 

g 

£ 

0 

o 

o 

o 

o 

o 

o 

rH 

+i 

+i 

+1 

+1 

+1 

p 

0 

c 

O 

3 

00 

00 

o 

CM 

CO 

X 

P 

o 

rH 

1 — 1 

CM 

CM 

CM 

•H 

fd 

CQ 

rH 

• 

• 

© 

• 

• 

Td 

X 

?- 

0 

o 

o 

o 

O 

o 

1 

3 

PS 

u 

• 

CM 

X 

\ 

o 

0 

* 

-1 

rH 

rH 

rH 

rH 

rH 

1 — 1 

rH 

g 

PQ 

Td 

O 

o 

O 

O 

O 

+1 

• — " 

0 

a 

0 

© 

•  - 

« 

e 

• 

CO 

P 

PS 

> 

o 

o 

o 

o 

o 

CM 

G 

X 

u 

+1 

+1 

+1 

+i 

+1 

0 

H 

0 

CO 

VO 

in 

VO 

X 

•H 

p 

0 

1 — 1 

*H 

i — i 

CM 

rH 

fd 

X 

EH 

XI 

j  © 

• 

e 

© 

© 

•H 

1 

o 

o 

o 

o 

O 

o 

G 

0 

CO 

3 

0 

tk 

P 

X. 

CN 

1 

Sfc, 

A 

0 

CM 

rH 

G 

G 

0 

0 

0 

© 

•H 

•H 

X 

0 

<*>  4-> 

VO 

VO 

CO 

m 

rH 

-p 

X 

G 

u 

rH 

rH 

rH 

CO 

o 

fd 

0 

fd 

0 

X 

X 

0 

0 

0 

<d 

3 

pci 

p 

G 

X 

fd 

O 

•  *» 

X 

u 

g 

3 

fd 

0 

o 

o 

X 

X 

p 

VO 

f — 1 

VO 

1 — 1 

0 

X 

X 

P 

rH 

CT\ 

CO 

CTi 

CM 

g 

fd 

-H 

PQ 

0 

• 

c 

• 

e 

X 

o 

0 

Td 

K 

00 

on 

in 

CTi 

0 

P 

g 

1 

t - ! 

CO 

CM 

00 

cr> 

G 

X 

0 

CO 

g 

3 

*H 

p 

X 

Td 

X 

rH 

0 

3 

1 

o 

G 

X 

CO 

0 

0 

r — , 

CO 

VO 

o 

0 

O 

V 

X 

X 

CM 

r-» 

r- 

cn 

in 

uo 

cH 

g 

X 

o 

P 

■^r 

r- 

rH 

I'- 

cr> 

-p 

O 

3 

_ _ 

PQ 

c 

• 

• 

• 

© 

fd 

P 

0 

Td 

0 

rH 

00 

CO 

00 

P 

X 

X 

0 

G 

rH 

-P 

1 

p 

fd 

G 

rH 

j 

0u 

X 

0 

rH 

3 

o 

U 

G 

X 

X 

, — , 

G 

0 

X 

0 

0 

P 

x 

tr> 

O 

g 

CQ 

00 

r- 

CO 

rH 

r- 

O 

Td 

o 

o 

0 

CTi 

C0 

CTi 

cr» 

in 

in 

0 

•H 

•H 

P 

a 

• — i 

CO 

VO 

rH 

0 

X 

X 

X 

• 

• 

• 

e 

c 

rH 

td 

<d 

fd 

•H 

u 

co 

rH 

X 

*H 

iH 

<c 

PQ 

a 

OS 

p 

03 

X 

o 

Td 

X 

w 

X 

U 

3 

Td 

O 

P 

Q* 


Td 

(D 

3 

G 

•H 

x 

G 

O 

O 


l 

! 


Table  27  (cont1 


163 


m 

(NJ 

<D 

rH 

■3 

Eh 

<p 

o 

(d 

P 

cd 


CL) 

« 

p 

G 

rd 

0 

p 

•H 

P 

0) 

U 

> 

cd 

•H 

<D 

-P 

P 

cd 

rH 

CO 

CD 

•rH 

P 

43 

-P 

CD 

43 

G 

*P 

•H 

Cn 

T5 

J3 

CD 

•H 

CO 

CO 

P 

P 

CO 

i. 

• 

cd 

r— 1 

43 

£ 

r- 

rH 

3 

CD 

£ 

43 

0 

cd 

•rH 

£ 

P 

-P 

0 

G 

cd 

•H 

43 

b 

-P 

O 

U1 

U 

e 

o 

cd 

o 

CD 

p 

a 

P 

43 

0 

1 

p 

!— 1 

r— 1 

M-c 

1 

CN 

o 

TJ 

i — 1 

•rH 

0) 

P 

-p 

cd 

0) 

cd 

p 

rH 

G 

G 

p 

•rH 

CD 

o 

'p 

rH 

g 

p 

cd 

P 

0) 

u 

P3 

PH 

cd 

4H 

tn 

and  a  similar  expression  can  be  derived  for  the  1,2-  to 

I ,  3-dibromobut ane  ratio.  The  calculated  ratios  were 
computed  using  the  relative  rate  data  obtained  from 
perdeuterio-l-bromobutane  (Table  25) ,  and  are  compared 
to  the  observed  ratios  in  Table  27. 

The  error  limits  in  the  calculated  ratios  were 
obtained  using  the  maximum  and  minimum  values  of  the 
relative  rates  reported  in  Table  25,  while  the  errors 
in  the  observed  ratios  are  glpc  errors  (±  2%)  .  The 
calculated  and  observed  values  coincide  for  all  the 
five  reactions  of  Table  27;  this  coincidence  shows  that 
the  relative  rate  data  obtained  for  perdeuterio-l-bromo- 
butane  describes  well  the  bromination  of  1-bromobutane , 
and  again  shows  that  the  assumption  made  in  equation  30 
(section  II-.  1)  was  valid, 

II.  4. 6  Comparison  of  Liquid  and  Vapour  Phase  Results 

The  bromination  of  perdeuterio-l-bromobutane 
in  Freon  113  solution  with  excess  bromine  and  excess 
hydrogen  bromide  has  also  been  studied  in  these  labora 
tories.^9  >phe  mechanism  proposed  in  Scheme  4  for  the 
bromination  of  1— chlorobutane  in  solution  should  be 
applicable  to  the  bromination  of  1-bromobutane  and 
perdeuterio-l-bromobutane  at  the  a-,  y~r  a^d  6-positions 


in  the  liquid  phase,  since  the  radicals  derived  from 
these  positions  cannot  form  olefin.  However,  a  modified 
mechanism  must  be  considered  for  bromination  at  the  2- 
position  (Scheme  6) . 

In  this  mechanism,  abstraction  of  deuterium 
from  the  2-position  leads  to  a  caged  3~hromobutyl 
radical-deuterium  bromide  pair.  The  3~hromobutyl  radical 
radical  may  reverse  with  the  caged  deuterium  bromide,  or 
it  may  diffuse  out  of  the  cage.  The  "free"  3-bromo- 
butyl  radical  may  be  trapped  with  bromine,  hydrogen 
bromide  or  hydrogen  tribromide.  This  radical  may  also 
eliminate  a  bromine  atom  to  form  1-butene,  which  may 
add  bromine  ionically  to  give  1 , 2-dibromobutane  or  add  a 
bromine  atom  to  give  back  3-bromobutyl  radicals.  On  the 
basis  of  the  results  from  the  liquid  phase  bromination  of 
1-bromobutane  with  bromine-81  (section  1.2.4),  a  sub¬ 
stantial  amount  of  elimination  takes  place  in  solution. 
These  results  indicated  that  the  elimination  reaction 

was  competitive  with  transfer  with  molecular  bromine. 
Since  the  latter  reaction  is  competitive  with  diffusion 
(section  1.2.2),  then  elimination  of  bromine  atoms  from 
the  caged  3-bromobutyl  radicals  may  also  be  competitive 
with  diffusion  from  the  cage  (Scheme  6) .  Readdition  in 
the  cage  can  also  conceivably  be  competitive  with 
diffusion.  In  the  bromination  of  optically  active  2- 


Scheme 
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bromobutane,  the  racemization  in  the  2 , 3-dibromobutane 
that  was  formed  was  greater  than  that  predicted  from  the 
large  amount  of  elimination-readdition  that  was  detected 
by  bromination  with  bromine-81.  It  was  postulated  that 
this  may  be  due  to  a  1,2-bromine  migration  in  the 
3-bromo-2-butyl  radicals  or  due  to  a  cage  elimination- 
readditon  mechanism.^4 

This  mechanism  proved  too  complicated  to  be 

analyzed  kinetically,  since  the  rate  constants  k  ,  k 

a'  -a 

and  k^  could  not  be  determined  readily,  and  the  incursion 
of  a  second  cage,  that  incorporating  1-butene,  a  bromine 
atom  and  deuterium  bromide,  makes  the  comparison  of  the 
rates  of  abstraction  impossible  in  solution.  As  a  result, 
no  values  for  the  relative  rates  at  this  positon  could 
be  obtained. 


For  the  a-  and  Y"ra<3icals,  the  relative  rate 
of  transfer  with  hydrogen  tribromide  and  with  hydrogen 
bromide  in  solution  could  be  calculated  if  it  were  assumed 

that  there  were  no  solvent  effects  on  the  relative  rate 
of  transfer  of  these  radicals  with  bromine  and  with 
hydrogen  bromide  (cf.  section  II. 3. 3).  The  cage  effects 
for  these  two  positions  could  also  be  calculated  in  the 
same  way  as  used  for  perdeuterio-l-chlorobutane  (section 
II. 3. 3).  The  results  are  given  in  Table  28. 
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Table  28 

Photobromination  of  Perdeuterio-l-bromobutane  with 
Excess  Bromine  and  Excess  Hydrogen  Brominde  in  Freon  113a 


^-Concentration  M*  x  105-y 


Average 


Reactants 


[RD  (H) ]° 

750 

490 

344 

[Br2] ° 

3730 

4900 

463 

[HBr  ]  ° 

7500 

7400 

10300 

Products0 

A[RaH] 

2.78 

1.12 

1.00 

A [R^H] 

11.3 

5.29 

25.0 

A[RYH] 

7.25 

5.04 

4.36 

A[R6H] 

1.83 

— 

0.61 

[RaBr ] 

3.  75 

0.795 

0.378 

[R^Br] 

129 

85.4 

40.4 

[RyBr] 

12.0 

6.96 

0.765 

[R6Br]d 

0.00 

0.00 

0.00 

.  0 
Relative  Rates 

k'_l/k_l 

59.6 

132 

72.3 

88±29 

k‘-5/k-5 

Cage  Effect 

8.4 

16.0 

26.1 

17 . 0±6 . 1 

ca 

°Y 

0.38 

0.81 

0.48 

0 . 61±0 . 24 

C  Y 

Y 

1.00 

1.00 

1.00 

1.00 

continued „ . . . . 
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Table  28  (cont'd.) 


^aken  from  ref.  119;  all  reactions  were  run  at  30.0  ±  0.1°. 
b 

[RD(H)]°  refers  to  the  initial  concentration  of  perdeu- 

terio-l-bromobutane . 
c  i 

A [R  H]  is  the  increase  in  protium  content  at  position  i. 

^ot  detected  by  glpc. 

0 

Relative  rates  of  transfer  with  hydrogen  tribromide  and 
with  hydrogen  bromide  for  the  a-  (k^/k  )  and  y-radicals 

(kl5/k„5) . 


. 


In  the  calculations  of  the  relative  rates  of 
transfer  with  hydrogen  tribromide  and  hydrogen  bromide , 
and  those  of  the  cage  effect,,  it  was  assumed  that  any 
temperature  effects  on  the  relative  rates  were  not 
important  over  the  5°  temperature  range  between  the 
vapour  and  solution  phase  reactions  (25°  vs  30°) .  The 
relative  rate  of  transfer  of  the  y-perdeuteriobromobutyl 
radicals  with  hydrogen  tribromide  and  with  hydrogen 
bromide  (17  ±  6)  was  very  close  to  the  analogous  rate 
ratio  for  the  y-perdeuteriochlorobutyl  radicals  (27  ±  2) 
and  for  the  perdeuteriocyclohexyl  radicals  (22  ±  7) , 
as  expected,  since  these  radicals  should  be  very  similar . 
The  analogous  relative  rate  for  the  a-perdeuteriobromo- 
butyl  radicals  was  quite  erratic:  this  probably  reflects 
the  large  errors  involved  in  measuring  the  small  (<2%) 
amount  of  perdeuterio-1 , 1-dibromobutane  formed  in  these 
reactions  and  the  equally  small  amount  of  protium  in¬ 
corporated  at  this  position. 

The  cage  effect  Ca  was  calculated  as 

Y 

0.6  ±  0.2,  indicating  that  cage  filtering  of  the  y- 
perdeuteriobromobutyl  radicals  was  more  important  than 
for  the  deactivated  a-perdeuteriobromobutyl  radicals. 

This  is  not  unreasonable,  since  if  one  assumes  that 
transfer  with  bromine  of  these  two  radicals  is  not  much 
influenced  by  polar  effects,  the  vapour  phase  results 


indicate  that  k_^  <  ,  and  therefore  cage  reversal 

of  the  a-radicals  will  be  less  important  than  that  for 
the  y-radicals. 

II. 5  Enhanced  Rate  of  Abstraction  in  the  Bromination 
of  1-Chlorobutane  and  1-Bromobutane 

The  results  obtained  for  the  vapour  phase 
bromination  of  1-bromobutane  (Table  26)  and  perdeuterio- 
1-bromobutane  (Talbe  25)  indicate  that  the  rate  of 
abstraction  of  the  g-hydrogens  or  deuteriums  is 
enhanced,  and  this  enhancement  overcomes  the  polar 
deactivation  at  the  3 "Position. 

The  rate  of  abstraction  of  the  3"deuterium 
relative  to  the  y-deuterium  from  perdeuterio-l-ch loro- 
butane  was  determined  to  be  0.49  (Table  14);  the 
corresponding  rate  for  the  protiated  compound  is  the 
same  (Table  15) .  The  polar  effect  thus  still  regulates 
the  rate  of  abstraction  of  the  3"hydrogen  or  deuterium. 
It  is  unlikely  that  there  is  any  rate  enhancement  in 
the  rate  of  abstraction  of  this  hydrogen  by  bromine 
atoms  since  the  rate  of  attack  on  the  3-hydrogens  of 
1-chlorobutane  relative  to  that  on  the  y-hydrogens  is 
very  similar  to  that  reported  for  other,  less  selective 
hydrogen  abstracting  agents.  For  example,  chlorination 


of  1  chlorobutane  with  different  reagents  gives  the 
following  results  for  k^/k^.  (Scheme  4):  0.52  (Cl2 , 

gas  phase,  35°), 13  0.56  (Cl2,  gas  phase,  78°), 13 
0.48  (Cl2,  liquid  phase,  35°), 66  0.47  (S02C12 ,  liquid 
phase,  70°),  u  0.45  (tert-BuOCl.  liquid  phase,  40°), 121 
0.37  (C120,  liquid  phase,  40°), 122  0.34  (PhICl  ,  liquid 
phase,  40°).  Furthermore,  the  relative  rate  of 

abstraction  of  these  two  hydrogens  by  bromine  atoms 
is  similar  to  the  relative  rate  of  abstraction  of  the 
3“  and  y-hydrogens  from  other  electronegatively  sub¬ 
stituted  butanes  by  bromine  atoms  and  by  other  hydrogen 
abstracting  species  (see  e.g.  Table  1). 

For  the  bromination  of  1-bromobutane ,  an 
estimate  of  the  polar  effect  at  the  3-position  is  re¬ 
quired  to  determine  the  magnitude  of  the  enhancement. 

If  it  is  assumed  that  the  polar  effect  is  the  same 
for  a  chlorine  and  a  bromine  substituent  (probably  a 
chlorine  substituent  exerts  a  larger  polar  effect, 
cf .  Tables  14  and  25) ,  then  the  rate  enhancement  of  a 
3-bromine  substituent  may  be  calculated  as  4.5/0.49  = 
9.2. 


II. 6  Mechanistic  Conclusions 


The  photobromination  of  cyclohexane  and  1- 


chlorobutane  and  their  perdeuterated  analogues  is 
well  described  by  a  mechanism  involving  reversible 
hydrogen  (or  deuterium)  atom  abstraction.  The 
reversal  reaction  is  most  important  in  the  bromina- 
tion  of  cyclohexane ,  as  expected,  since  polar  effects 
deactivate  this  reaction  in  the  bromination  of 
electronegatively  substituted  alkanes.  This  polar 
deactivation  falls  off  as  the  distance  of  the  radical 
centre  involved  from  the  substituent  increases  in 
the  bromination  of  perdeuterio-l-chlorobutane . 

The  coincidence  between  the  relative  rates 
of  bromination  of  cyclohexane  and  perdeuteriocyclo- 
hexane ,  and  the  relative  rates  of  abstraction  of  the 
different  hydrogens  of  1-chlorobutane  by  bromine 
atoms ,  in  the  vapour  phase  reaction  run  with  minimal 
interference  from  the  reversal  reaction,  and  the 
results  obtained  in  liquid  bromine  solvent  indicates 
that  liquid  bromine  can  scavenge  all  radicals,  caged 
or  "free",  and  that  solution  and  vapour  phase  relative 
rates  of  the  same  kinetic  order  may  be  equated.  Cage 
reversal  between  the  geminate  alkyl  radicals-hydrogen 
(or  deuterium)  bromide  pair  is  proposed  to  account 
for  the  differences  between  the  vapour  phase  results 
and  the  solution  phase  results  at  lower  bromine  con¬ 


centrations  . 


■ 
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Solution  phase  bromination  reactions  are 
also  complicated  by  reversal  with  the  transfer  species 
hydrogen  tribromide.  Transfer  with  this  complex 
species  is  much  faster  than  transfer  with  hydrogen 
bromide;  consequently,  reversible  hydrogen  abstraction 
is  more  important  in  solution  than  in  the  vapour 
phase . 


The  bromination  of  1-bromobutane  is  com¬ 
plicated  by  elimination  of  bromine  atoms  from  the 
8“bromobutyl  radicals.  In  the  vapour  phase,  the  1- 
butene  thus  formed  is  brominated  in  the  allylic  position 
primarily.  In  solution,  however,  all  of  the  1-butene 
formed  adds  bromine  (ionically  and/or  free  radically)  to 
give  1 , 2-dibromobutane . 

The  rate  of  abstraction  of  the  hydrogens 

(or  deuteriums)  8  to  the  bromine  substituent  in  1- 

bromobutane  and  its  perdeuterated  analogue  is 

accelerated  by  a  factor  of  about  10  over  what  would 

be  expected  on  the  basis  of  polar  effects  only.  If 

this  acceleration  is  attributed  to  anchimeric 

assistance  by  the  bromine  substituent,  it  would  lead 

124 

to  a  bridged-bromine  radical,  and  recent  esr  , 

CIDNP12^  and  optical  activity6^  results  show  that 


8-bromo-tert-butyl ,  8-bromoethyl  and  3-bromo-2-butyl 
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radicals  are  not  bridged.  The  rate  enhancement  may 
be  due  to  a  hyperconjugative  interaction  between  the 
bromine  substituent  and  the  radical  centre,  which 
stabilizes  the  $“k>romobutyl  radical,  and  therefore 

Br  Br  • 

I 

C  —  C  ►  C  — C  (72) 

c 

weakens  the  bond  strength  of  the  C-H  bonds,  as  has  been 
previously  suggested  as  an  alternative  explanation 

for  the  seemingly  enhanced  stability  of  3-bromoalkyl 

,  78,126 

radicals „ 


Whatever  the  origin  of  the  effect,  hydrogens 

3  to  the  bromine  substituent  are  abstracted  more  readily 

than  any  other  hydrogens  of  1-bromobutane „  Since  in 

NBS  brominations  of  1-bromobutane  at  low  conversion  of 

7  8 

the  NBS  the  major  product  is  1 , 3-dibromobutane ,  it  is 

likely  that  under  these  conditions  the  abstracting 
species  are  not  bromine  atoms  but  less  selective  rad¬ 
icals,  probably  succinimidyl  radicals  or  carbon 
centered  radicals  derived  from  3-scission  of  succini¬ 
midyl  radicals  (equation  73) .  However,  at  higher 
conversions  of  NBS,  the  product  distribution  changes 


or 


N=C=0 


(73) 


0 


to  one  very  similar  to  that  obtained  in  the  bromination 

with  molecular  bromine ,  and  the  relative  rates  of 

bromination  of  alkanes  and  substituted  alkanes^  are 

the  same  as  with  molecular  bromine  in  the  absence  of 

reversal*  It  appears  likely  that  at  high  conversion 

of  NBS ,  the  chain  carriers  are  bromine  atoms.  The 

reason  for  the  change  in  mechanism  may  be  due  to  the 

build-up  of  a  sufficient  concentration  of  molecular 

bromine  through  adventitious  coupling  of  bromine 

atoms  to  make  this  chain  dominant.  It  is  known  that 

as  the  NBS  brominations  of  alkanes  and  substituted 

alkanes  proceed,  the  solutions  quickly  develop  a  bro- 

7  8  12  7 

mine  colour,  '  the  intensity  of  which  increases 
as  the  reaction  proceeds* 

It  is  possible  that  other  NBS  brominations, 
e.g*  benzylic  and  allylic  brominations,  proceed  through 
..  a  nitrogen  or  carbon  centered  radical  chain  at  the 
early  stages  of  the  reaction,  while  at  higher  con¬ 
version,  the  reaction  goes  through  a  bromine  atom 
chain.  Though  in  benzylic  and  allylic  brominations 
there  are  no  reports  of  the  reactions  developing  a 
bromine  colour,  it  is  pertinent  to  note  that  the 
work  done  to  establish  the  bromine  atom  chain  in  these 
brominations16,39,115'128  involved  relative  rates. 


. 


177. 


where  the  reactions  were  carried  out  to  high  (or 
complete)  conversion  of  the  NBS . * 


II. 7  General  Method  for  Determining  the  Relative  Rates 

of  Transfer  with  Bromine  and  with  Hydrogen  Bromide  in 

the  Vapour  Phase 


The  method  presented  in  this  thesis  to 
determine  the  relative  rates  of  transfer  with  bromine 
and  with  hydrogen  bromide  is  not  a  general  one,  since 
it  is  restricted  to  perdeuterated  substrates.  Only 
a  very  small  number  of  these  is  available  commercially, 
and  laboratory  syntheses  would  generally  be  tedious. 

In  this  section,  a  general  method  for  the  determination 
of  these  relative  rates  using  protiated  compounds  is 
presented.  The  method  is  best  described  by  an  example. 

Suppose  the  relative  rate  of  transfer  of 
benzyl  radicals  with  bromine  and  with  hydrogen  bromide 


A  cautionary  note  must  be  included.  Since  the  completion 
of  this  work  a  large  amount  of  1 , 2 , 3 , 4-tetrabromobutane  has 
been  found  as  product  in  the  b'romination  reactions  of  1- 
bromobutane  run  at  low  concentrations  of  bromine.  During 
the  initial  stages  of  the  NBS  reaction  where  the  concentra¬ 
tions  of  molecular  bromine  are  also,  presumably,  low,  un¬ 
detected  tetrabromide  could  also  be  formed.  The  ultimate 
conversion  of  the  3-radicals  formed  in  these  brominations 
into  tetrabromide  could  account  for  the  change  in  product 
ratios  observed  during  the  progress  of  the  reaction,  with¬ 
out  having  to  invoke  the  presence  of  a  new  chain  carrying 
species . 


*- 


' 


. 
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is  required.  A  vapour  phase  competitive  bromination 
of  toluene  and  cyclohexane  is  run  under  two  conditions: 
(i)  using  a  large  excess  of  bromine;  and  (ii)  using 
a  large  excess  of  bromine  and  of  hydrogen  bromide. 

In  the  first  case,  reversal  with  hydrogen 
bromide  will  not  be  important  if  the  reaction  is  run 
to  low  conversion  of  the  bromine.  Under  these  con¬ 
ditions,  reactions  74-77  must  be  considered.  The  ratio 


C6H12 

+ 

Br 

— C6Hil 

4- 

HBr 

(74) 

C6Hil 

Br2 

kC 
K2  

C6HllBr 

+ 

Br  * 

(75) 

i 

k? 

PhCH3 

+ 

Br  * 

1 ; 

PhCH^ 

HBr 

(76) 

ko 

PhCH* 

+ 

Br2 

2 

PhCH2Br 

Bre 

(77) 

of  the  rate  of  disappearance  of  toluene  to  that  of  cyclo¬ 
hexane  is  given  by  equation  78;  this  may  be  integrated 

d[PhCH  J/dt  [PhCH-J 

- - i -  =  — - (78) 

d[C6Hi2Vdt  ki^C6H12^ 

and  rearranged  to  give  the  relative  rates  of  abstraction 
of  hydrogen  from  toluene  and  from  cyclohexane  (equation  79) . 

ln([PhCH3]£/[PhCH3)°) 

"  lnUCgH^lVlCgH^r) 


(79) 
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When  the  reaction  is  run  in  the  presence  of 
excess  hydrogen  bromide  reactions  80-81  must  also  be 


PhCH2« 

+  HBr 

—  "V  PhCH3  + 

Br  • 

(80) 

k°i 

C  H 
oHll 

+  HBr 

- C6H12  + 

Br- 

(81) 

considered.  The  relative  rate  of  disappearance  of 
substrates  (or  of  appearance  of  products)  is  given  by 
equation  82.  Assuming  a  steady  state  concentration  of 


d[PhCH3]/dt  [PhCH3]  [Br*  ]  -  k^  [PhCH^  ]  [HBr  ] 

d[C6H12]/dt  kl[C6H12]  [Br*3  “  k-l[C6Hil3  [HBr] 


(82) 


benzyl  and  cyclohexyl  radicals  this  equation  may  be 
rewritten  to  remove  these  radical  concentrations  (83) . 


d[PhCH3]/dt 

kk[PhCH3] 

|(k°1/k2>  [HBr]  +  [Br2]j 

d[C6Hi2]/dt 

kl  [C6H123 

{(k^/klp  [HBr]  +  [Br2]) 

Under  the  conditions  of  the  experiment,  this  expression 
may  be  integrated  (equation  84) .  By  using  the  previously 

ln([PhCH3]f/[PhCH3]°)  k^  ( (kfj/k°)  [HBr ]  +  [Br^ 

ln([C6H12]t/[C6H12^°~  kl  Vk~l/k2>  [HBr]  +  [Br2  v 

determined  value  of  (kk/k^) ,  and  the  value  of  k3/k_^  for 
perdeuteriocyclohexane  reported  in  this  work  (Table  5) , 
equation  84  may  be  used  to  give  the  value  of  kk/k^  for 


toluene . 


Thus  by  comparing  the  relative  rates  of  bro- 
mination  of  two  substrates  with  excess  bromine  with  and 
without  excess  hydrogen  bromide  in  the  gas  phase,  the 
relative  rate  of  transfer  with  bromine  and  with  hydrogen 
bromide  may  be  determined. 


E  X  P  E  RIMENTAL 


III.l  Materials 

1-Bromobutane  and  1-chlorobutane  were 
commercially  available  chemicals.  They  were  purified 
by  washing  with  concentrated  sulphuric  acid  and  with 
water,  drying  over  anhydrous  sodium  sulphate,  and 
fractionally  distilled.  Glpc  showed  them  to  be  >99.9% 
pure.  Cyclohexane  and  toluene  (Phillips  66,  research 
grade,  >99.9%)  were  used  without  further  purification. 

All  perdeuterated  compounds  were  obtained 

from  Merck,  Sharp  &  Dohme  Co.  of  Canada  Limited.  Per- 

deuteriocyclohexane  and  perdeuterio-l-bromobutane 

were  purified  by  two  preparative  glpc  collections 

(6  m  x  5  mm  10%  Carbowax  20  M  on  Chromosorb  P  AW,  glass 

column,  50°);  perdeuterio- 1-chlorobutane  was  used  as 

supplied.  Glpc  analysis  of  the  deuterated  compounds 

prior  to  use  showed  them  to  be  more  than  99.5%  pure. 

Mass  spectral  analysis  (AEI  MS 9 ,  12  ev)  showed  them 

to  contain  99.4  ^8.4  (C^D^Cl)  an<^  98.3 

(C,DrtBr)  atom  %  deuterium.  H1  100  MHz  nuclear  magnetic 
4  9 
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resonance  spectroscopy  (Varian  HA100)  showed  a  single 
signal  for  perdeuteriocyclohexane  (T,  8.59),  and 
four  singlets  for  perdeuterio-l-chlorobutane  (T,  9.12, 
8.59,  8.32,  6.58,  see  Figs.  3  and  4)  and  for  perdeuterio- 
1-bromobutane  (  t  ,  9.11,  8.60,  8.24,  6.67,  see  Figs.  7 
and  8)  due  to  the  residual  protium  in  the  compounds. 

Bromocyclohexane ,  trans-1 , 2-dibromocyclo- 
hexane,  1 , 2-dibromobutane ,  1, 3-dibromobutane ,  1,4- 
dibromobutane ,  4-bromo-l-chlorobutane ,  chlorobenzene 
and  o-dichlorobenzene  were  commercially  available 
chemicals,  and  were  purified  by  preparative  glpc 
collection.  1 , 1-Dibromobutane  was  prepared  by  Dr.  Y. 
Kosugi  in  these  laboratories  by  the  Hunsdicker  reaction 
on  2-bromopentanoic  acid.  It  gave  small  parent  peaks 
at  m/e  214,  216,  218  (ratio  1:2:1),  and  its  nmr  spectrum 
was  consistent  with  its  structure:  CCl^,  TMS  internal 
standard,  t  9.01  (t,  J  =  6.9  Hz,  3H) ,  t  8.40  (sextet, 

J  =  6.9  Hz,  2H) ,  t  7.61  (q,  J  =  7  Hz,  2H)  and  t  4.28 
(t,  J  =  6.9  Hz,  1H) .  1, 2 ,2-Tribromobutane  and  1,3,3- 

tribromobutane  were  prepared  by  Dr  R.  J.  Arhart  (see 
Appendix  4) . 


A  mixture  of  1-bromo-,  2-bromo-  and  3-bromo- 


1-chlorobutane  was  obtained  from  the  preparative  glpc 


collection  (3  m  x  5  ram  10%  UCON  50  LB550X  on  Chroraosorb 
P  AW,  glass  column,  110°)  of  the  products  of  the 
liquid  phase  photobromination  of  1-chlorobutane  with 
molecular  bromine.  They  were  identified  by  comparison 
of  their  glpc  retention  times  with  those  of  the 
authentic  materials  prepared  by  Dr.  J.  E.  Rowe.129 

A  mixture  of  2 , 3-dibromo-l-chlorobutane  and 
1 , 2-dibromo- 3-chlorobutane  was  prepared  by  the  addition 
of  a  carbon  tetrachloride  solution  of  bromine  to 
commercial  crotyl  chloride  (Aldrich  technical  grade, 
containing  20%  3-chloro-l-butene;  glpc  showed  the 
presence  of  these  two  compounds  in  a  ratio  of  3:1)  in 
carbon  tetrachloride  at  0°.  The  crude  product  was 
purified  by  distillation,  bp  78-79°  (8.7  mm),  n2^  1.5385. 
The  nmr  spectrum  (CCl^)  showed  two  doublets  (t,  8.13, 

J  =  6.3  Hz;  x,  8.19,  J  =  6.6  Hz;  3H)  in  the  ratio  of 
2.7:1  and  two  sets  of  multiplets  centered  at  x,  6.02 
(2H)  and  x,  5.59  (2H) .  The  mixture  did  not  give  a 
parent  peak  in  the  mass  spectrum  (70  ev) ,  but  gave  peaks 
at  m/e  173,  171  (base  peak),  169  (P-Br,  ratio  3:4:1), 

217,  215,  213  (P-Cl ,  very  small),  135,  133  (ratio  1:1) 
and  91,  89  (ratio  3:1).  The  two  compounds  were  not 
separated  by  glpc  (3  m  x  5  mm  10%  UCON  50  LB550X) ,  but 
the  glpc  showed  the  mixture  to  be  >99.9%  pure. 


C,  19.20;  H, 


Anal.  Calc,  for  C^B^Cl: 

2.82.  Found,  C,  18.93;  H ,  2.85. 

1 f 2 , 3-Tribromobutane  was  prepared  in  a 

similar  way  by  addition  of  bromine  to  commercial  crotyl 

bromide.  The  reaction  mixture  was  washed  with  10% 

aqueous  sodium  bisulphite  and  with  water,  dried 

(Na2SO^)  and  distilled.  It  was  obtained  as  a  colour- 

less  liquid,  bp  110°  (16.6  mm),  n30  1.5684  (lit.130 

2  0 

bp  97°  (10  mm),  1.5680).  The  nmr  spectrum  showed 

the  methyl  protons  as  two  doublets  (t,  8.15,  J  =  6.3 
Hz;  i,  8.20;  J  =  6.7  Hz;  3H)  and  the  other  protons  as 
a  complex  pattern  at  t,  6. 4-5.2  (4H) . 

1-Butene  (Phillips  research  grade,  99.9%)  was 
degassed  in  a  vacuum  line  and  distilled  prior  to  use. 

1- Bromo-2-butene  and  3-bromo-l-butene  were  obtained 

by  preparative  glpc  collection  (6  m  x  5  mm  10%  Carbowax) 
from  commercial  technical  grade  crotyl  bromide.  Both 
compounds  gave  parent  peaks  in  the  mass  spectrum  at 
m/e  134,  136  (ratio  1:1);  the  nmr  spectrum  of  1-bromo- 

2- butene  (CC14,  TMS  internal  standard)  was  consistent 
with  its  structure ;  it  showed  an  apparent  doublet  at 

T  8.26  (J  =  6.5  Hz,  3H) ,  and  two  multiplets  at  t  5.85-6.2 
and  t  3. 8-4. 7,  each  integrating  for  two  hydrogens.  The 
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nmr  spectruin  of  3-bromo-l -butene  was  more  complex;  it 
showed  a  doublet  at  t  8.23  (J  =  6.4  Hz,  3H) ,  and  a  multiplet 
at  t  3.5-5. 7  integrating  for  four  hydrogens. 

1 , 1-Diphenylethene  (Aldrich)  was  distilled 

prior  to  use,  bp  136.5-137.0°  (9  mm),  n30  1.6088  (lit.131 

— D 

2  0 

bp  139  (11  mm),  n^  1.6085);  nmr  spectroscopy  and  glpc 
analysis  showed  it  to  have  no  detectable  impurities. 

Freon  113  (Matheson)  and  Freon  112  (PCR)  were 
distilled  from  phosphorus  pentoxide  through  a  30  cm 
Vigreux  column,  bp  45.5°  and  88.0°  (700  mm)  respectively. 

For  the  equilibrium  constant  measurements.  Freon  113 
was  washed  with  water  (lx) ,  1  M  hydrochloric  acid  (2x) 

1  M  sodium  hydroxide  solution  (3x)  and  water  (3x) , 
refluxed  over  anhydrous  calcium  chloride  overnight, 
distilled  through  a  60  cm  teflon  spinning  band  column, 
and  finally  distilled  from  phosphorus  pentoxide,  the 
middle  cut  being  collected. 

Molecular  bromine  (McArthur  Chemical  Co. , 
reagent  grade)  was  washed  with  concentrated  sulphuric 
acid  and  freshly  distilled  from  phosphorus  pentoxide, 
bp  57.3°  (700  mm).  Bromine-81  was  obtained  from  Isotope 

Development  Centre,  Oak  Ridge  National  Laborato  y; 


186  o 


it  was  distilled  by  trap  to  trap  distillation  prior  to 
use « 


Hydrogen  bromide  (Matheson)  was  introduced 
into  a  vacuum  system  through  molecular  sieves  4A  or 
anhydrous  calcium  chloride ,  frozen  in  liquid  nitrogen, 
and  the  noncondensible  gases  pumped  off  until  the 
pressure  was  less  than  0.1pe  The  solid  hydrogen  bromide 
was  sublimed  twice  at  -98°  (methanol  slush  bath)  and 
finally  distilled. 

III. 2  Gas  Liquid  Partition  Chromatography  (glpc) 


For  glpc  analyses,  four  instruments  were  used; 
a  Carlo  Erba  Fractovap  Model  GV,  a  Varian  Aerograph 
Model  1520  and  Model  90P,  and  a  Hewlett  Packard  HP  401 
chromatograph.  The  first  three  instruments  were 
equipped  with  a  thermal  conductivity  detector;  the 
HP  401  had  a  flame  ionization  detector.  Glass  columns 
were  used  throughout;  the  columns  are  specified  in  the 
individual  experiments.  All  compounds  studied  were 
stable  on  the  column  used. 

Analyses  were  carried  out  at  least  in  triplicate. 
Peak  areas  were  calculated  by  disc  or  electronic  inte~ 
grators ,  or  by  multiplying  the  peak  height  by  the  width 


/ 


Calibration  curves  were  constructed 


at  half  height.  ^22 
to  convert  the  area  ratios  of  the  compounds  relative 
to  the  internal  standard  into  mol  ratio. 1^2  When 
quoted,  the  experimental  uncertainties  are  average 
deviations  from  the  mean  value  obtained  from  different 
reactions.  Retention  time  comparison  and  peak  enhance- 
ment  (spiking)  refer  to  the  addition  of  authentic 
material  to  a  portion  of  the  sample  and  reanalysis  by 
glpc. 

111. 3  Physical  Constants 

All  boiling  points  reported  are  uncorrected. 
Refractive  indices  were  measured  on  a  Bausch  and  Lomb 
refractometer. 

111. 4  General  Procedure  for  the  Determination  of  the 

Relative  Rates  of  the  Perdeuterated  Substrates  in  the 

Vapour  Phase 

About  0.5  g  perdeuterated  compound  (RD)  was 

carefully  weighed  into  a  Pyrex  breakseal,  and  this 

/ 

was  degassed  by  the  freeze— thaw  method  three  times  and 
finally  sealed.  Bromine  was  similarly  weighed, 
degassed  and  sealed  in  a  separate  breakseal.  Hydrogen 


bromide  was  measured  by  pressure  in  a  known  volume  at 
a  known  temperature  on  a  vacuum  line,  distilled  into  a 
breakseal,  and  the  breakseal  was  sealed.  The  three 
breakseals  were  attached  to  the  reaction  bulb  (5,  12 
or  22  1) ,  and  the  system  was  evacuated  to  less  than 
0 . ly *  The  bulb  was  isolated  from  the  vacuum  line  by 
means  of  a  teflon  "Rotaflo"  stopcock,  and  the  break- 
seals  were  broken  in  the  absence  of  light  (in  the  order 
RD ,  hydrogen  bromide,  and  bromine,  with  twenty  minute 
intervals  between  each  breakseal) .  The  mixture  of  the 
three  reactants  was  allowed  to  equilibrate  for  about 
thirty  minutes,  and  then  the  bulb  was  photolyzed  (one 
100  W  incandescent  lamp) .  The  contents  of  the  bulb 
were  condensed  in  the  absence  of  light  into  a  tube 
attached  to  the  bulb.  The  tube  was  opened,  an  internal 
standard  added  (o-dichlorobenzene  for  perdeuterio- 
cyclohexane  and  for  perdeuterio-l-chlorobutane ,  and 
chlorobenzene  for  perdeuterio-l-bromobutane) ,  and  the 
excess  bromine  and  hydrogen  bromide  were  destroyed 
with  cold  (0°)  aqueous  sodium  bisulphite  (10%).  The 
organic  substrates  were  extracted  with  Freon  113  (about 
25  ml) ,  the  Freon  solution  washed  with  cold  water  and 
dried  (MgS04) .  It  was  analyzed  by  glpc  (2  m  x  5  mm  10% 
UCON  50  LB550X  on  Chromosorp  P  AW,  glass  column)  for 
starting  material  and  products.  The  solution  was  con— 


. 


centrated  on  a  60  cm  teflon  spinning  band  column  to 
about  4  ml,  and  the  unreacted  starting  material 
collected  and  recollected  by  preparative  glpc  (6  m  x 
5  mm  10%  Carbowax  20  M,  50°) . 

The  control  experiments  that  were  performed 
to  check  the  recovery  and  isolation  of  the  starting 
material  and  products  were  done  as  described  above, 
except  that  a  breakseal  containing  the  products  was 
also  attached  to  the  reaction  vessel.  The  products 
were  introduced  into  the  reaction  bulb  with  the  other 
three  substrates,  and  the  mixture  was  allowed  to  stand 
in  the  absence  of  light  for  at  least  one  hour.  The 
contents  were  then  collected  and  isolated  and  analyzed 
as  above.  The  results  are  given  in  Table  29. 

III. 4.1  Determination  of  Residual  Protium  in  the 
Perdeuterated  Substrates 

i.  Using  Mass  Spectrometry 

The  perdeuterated  substrate  was  analyzed  on 
an  AEI  MS 9  spectrometer  at  about  12  ev,  using  slow 
magnetic  scanning  to  eliminate  peak  clipping  by  the 
galvanometers.  Two  samples  of  RD  were  scanned  five 
times  on  the  molecular  ion  region,  and  from  the  average 
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Table  29 

Control  Reactions  on  the  Recovery  and 
Isolation  Procedures3 


Compound 

Initial 

Molb 

Recovered 

Molb 

%c 

A , 

For 

Cyclohexane  Brominations 

Cyclohexane 

611.6 

602.4 

98.5 

Bromocyclohexane 

65.62 

64.81 

98.8 

Trans-1 , 2-dibromocyclohexane  3.835 

3.883 

101.3 

Bromine 

784.4 

— 

— 

Hydrogen  Bromide 

3903 

— 

— 

B. 

For 

1-Chlorobutane 

Brominations 

1-Chlorobutane 

553.0 

513.7 

92.9 

1-Bromo-l-chlorobutane 

8.425 

8.224 

97.7 

2-Bromo-l-chlorobutane 

10.05 

9.739 

96.9 

3-Bromo-l-chlorobutane 

17.48 

17.03 

97.4 

4-Bromo-l-chlorobutane 

4.422 

4.211 

95.5 

Trihalide^ 

7.550 

7.719 

102.2 

Bromine 

946.6 

— 

— 

Hydrogen  Bromide 

7484 

— 

C. 

For 

1-Bromobutane 

Brominations 

1-Bromobutane 

32  8.4 

301.8 

91.9 

1 , 2-Dibromobutane 

41.26 

40.52 

98.2 

1, 3-Dibromobutane 

5.928 

5.779 

97.5 

1 , 4-Dibromobutane 

7.180 

7.110 

99.0 

continued. . . . . 
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Table  29  (cont* d . ) 


Compound 

Initial 

Molb 

Re  cove rd 
Molb 

%c 

1,2, 3-Tribromobutane 

6.071 

5.899 

97.2 

Bromine 

2011 

— 

— 

Hydrogen  Bromide 

i 

16290 

— 

— 

3 

All  controls  were  run  using  a  22  1  reaction  vessel, 
b 

Number  of  mols  used  at  start  and  observed  by  glpc  at  end 

5 

of  run,  x  10  . 
c 

Percent  recovered  to  initial  mols. 
d 

Mixture  of  1 , 2-dibromo-3-chlorobutane  and  2 , 3-dibromo-l- 
chlorobutane . 
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heights  of  the  peaks,  the  fraction  of  protium  in  the 
sample  was  determined  by  the  method  of  Biemann.133 
This  gave  the  total  amount  of  protium  in  RD.  For 
perdeuterio— 1— chlorobutane  the  amount  of  protium  at 
each  position  of  the  molecule  was  then  determined 
from  the  ratio  of  the  signals  of  the  different  protons 
in  the  100  MHz  H3-  spectrum. 


In  a  typical  run,  the  peak  heights  of  the 

recovered  perdeuteriocyclohexane  from  reaction  2 

(Table  5)  are  given  in  Table  30.  All  the  peaks  were 

sharp  and  unsplit.  The  peak  heights  were  corrected 
13 

for  the  C  contribution;  this  was  calculated  initially 
from  the  ratio  of  the  97/96  peaks.  An  iterative 

13 

treatment  was  used  until  a  constant  value  of  the  C 
correction  and  of  the  peak  heights  was  obtained;  these 
values  are  given  in  Table  30.  The  percentage  protium 
in  the  sample  was  then  calculated  from  equation  85, 


RH  = 


95  +  2  (94)  +  3  (93)  ,  nn 

96  +  95  +■ 94  +  93  x 


(85) 


where  95  is  the  height  of  the  mass  spectral  peak  at 
m/e  95,  etc.  The  amount  of  protiated  perdeuterio¬ 
cyclohexane  was  then  calculated  as  shown  in  footnote  b 


of  Table  14 . 
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Table  30 

Determination  of  Protium  Content  of  Perdeuteriocyclo— 


hexane  by  Mass 

Spectroscopya 

m/e 

Peak  Assignment 

Peak  Height, 
b 

mm 

Corrected 
Peak  Height0 

97 

13 

C5C  D12 

6.8  ±  0.1 

6.8 

96 

C6D12'  C5c13d11H 

100.0  ±  0.1 

98.3 

95 

C6D11H '  C5c13d10H2 

25.5  ±  0.1 

25.2 

94 

C6D10H2'  C5c13d9H3 

4.2  ±  0.2 

4.2 

93 

C6D9H3 

0.5  ±  0.0 

0.5 

92 

C6D8H4 

not  observed 

— 

0. 

Perdeuteriocyclohexane  recovered  from  reaction  2,  Table  5 
analyzed  on  an  AEI  MS9  at  10  ev. 

^Average  value  of  two  samples,  each  sample  being  scanned 
five  times,  relative  to  peak  at  m/e  96,  arbitrarily  set  as 
100. 

*i  o 

cCorrected  for  the  C  contributions  in  peaks  at  m/e  96,  95, 
and  94;  the  correction  was  initially  set  as  6.8%,  the  97/96 


ratio . 


The  total  amount  of  protium  incorporated  into 
perdeuter io- 1-chlorobutane  was  determined  as  follows* 

'*'S  Percentage  of  C^DgCl^,  Bq  the  percentage 

of  C4DgHCl  and  CQ  the  percentage  of  C4D7H2ClJi  in 
the  sample  before  reaction,  and  if  the  fractional  amount 
of  incorporation  of  protium  during  the  reaction  is  X, 
then  the  amounts  of  these  three  species  after  reaction, 
A,  B  and  C,  may  be  calculated  as  shown  below.  It  was 


Before  Reaction  After  Reaction 


assumed  that  the  amount  of  C  ,  the  d^  species,  was 

negligible  before  reaction*  This  is  not  unreasonable, 

since  the  sample  contained  less  than  2  atom  %  H^.  From 

this  analysis,  the  ratio  of  dg/d^  after  reaction,  B/A, 

may  be  expressed  as  in  equation  86.  If  the  values  of 

A  ,  B  ,  A  and  B  are  known,  this  equation  may  be  used 
of  or 


B  A  X  +  B  ( 1  -  X ) 

o  o _ _ 

A  Ao(1  "  X) 


(86 


to  solve  for  X,  the  fractional  amount  of  protium  that 
was  incorporated  during  the  reaction.  The  values  of  Aq, 


Bq r  A  and  B  were  determined  by  a  method  developed  by 
Dr.  H.  Takiguchi  of  this  laboratory  (see  Appendix  5) . 
The  calculated  fractional  incorporation  by  mass 
spectroscopy  using  this  method  always  was  in  very 
good  agreement  with  that  calculated  by  nmr  (see  below) . 

ii ♦  Using  Nuclear  Magnetic  Resonance  Spectroscopy 

Accurately  prepared  solutions  of  RD  and  1,1- 
diphenylethene  in  Freon  113  were  analyzed  by  nmr 
spectroscopy  using  a  Varian  HR  100  spectrometer.  Two 
spectra  were  run  (normal  and  deuterium  decoupled)  with 
the  phenyl  protons  as  lock  and  reference.  A  small 
amount  of  TMS  was  added ,  and  two  more  spectra,  normal 
and  deuterium  decoupled,  were  run,  with  TMS  as  lock 
and  reference  (see  Figs.  3,  4,  7,  8).  Each  spectrum 
was  integrated  at  least  five  times,  and  the  average 
values  for  the  integrated  areas  were  again  averaged 
for  the  four  spectra.  Both  decoupled  and  undecoupled 
spectra  gave  the  same  integration  values,  within 
experimental  error,  showing  the  absence  of  any,  experi¬ 
mentally  important  Overhauser  effects.  From  the 
relative  areas  of  the  signal/s  from  RD  and  the  olefinic 
protons  of  1,  1-diphenylethene  (t,  4.63) ,  the  amount  of 
protium  in  each  position  of  RD  could  be  determined. 


In  a  typical  run,  a  solution  containing  1.075 
-3 

x  10  moles  perdeuterio— 1— bromobutane  recovered  from 
reaction  4  (Table  25)  and  1.709  x  10-5  moles  1,1- 
dipheny le thene  was  analyzed  by  nmr  (Table  31)  .  The 
concentration  of  R1!!  for  each  position  was  determined 
as  shown  in  footnote  c  of  Table  14. 

III. 5  Determination  of  the  Equilibrium  Constant 

Solutions  of  bromine  in  Freon  113  (1%  in  TMS) 
were  prepared  and  aliquots  were  titrated  iodometrically 
with  thiosulphate.  One  milliliter  aliquots  were 
quantitatively  transferred  into  4  mm  I.D.  nmr  tubes 
which  were  fitted  with  a  ground  glass  joint.  The  tubes 
were  attached  to  a  vacuum  line,  frozen  in  liquid 
nitrogen  and  degassed  to  less  than  2\x .  A  premeasured 
amount  of  hydrogen  bromide  was  distilled  into  the  tubes 
and  the  tubes  were  sealed.  The  tubes  were  shaken  and 
allowed  to  equilibrate  at  probe  temperature,  32.8  ±  0.2° 
or  23.0  ±  0.2°,  and  the  nmr  spectrum  obtained.  Only 
one  signal  was  observed  in  the  spectra.  All  line 
positions  were  measured  in  Hertz  relative  to  TMS  by 
counting  the  difference  between  the  lock  and  sweep 
occillator  frequencies  using  a  Varian  HA  100  spectromete 
Reproducibility  of  the  measurement  was  better  than 
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Table  31 

Determination  of  Protium  Content  in  Each  Position 
of  Perdeuterio-l-Bromobutane  by  NMR  Spectroscopy5 


Proton 

Area*5 

Molesc 
x  105  %  : 

Protium^ 

[RiH ] e 

*2C=CH2 

1.000 

3.417 

- 

— 

H 

-  ^  ^Br 

2.02710.044 

6.926 

6.44 

1.03 

^  Rr 

1.47710.016 

5.047 

4.69 

0.66 

H 

Br 

1.53910.055 

5.259 

4.89 

0.70 

i  ^  XRr 

2.53410.109 

8.659 

8.05 

1.26 

H 

cl 

Perdeuterio-1 

-bromobutane 

(0.15752  g ,  1 

.0751  x  10' 

^  mol) 

recovered  from 

reaction  4, 

Table  25,  and 

1 , 1-diphenylethene 

* 

(0.00308  g,  1 . 

7087  x  !0”5 

mol )  in  0.3  ml 

Freon  113 

analyzed 

on  a  Varian  HA  100  spectrometer  at  ambient  temperature. 
^Average  of  twenty  integrations  from  four  spectra  (see 
text),  relative  to  the  olefinic  protons  of  1,1-diphenyl- 

o 

ethene . 

cObtained  by  multiplying  the  area  relative  to  the  olefinic 

-5 

protons  by  3.417  x  10 

^Defined  as  moles  H^"  in  a  position  relative  to  the  total 
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Table  31  (cont ' d . ) 


number  of  moles  of  perdeuterio-l-bromobutane ,  expressed 
as  percentage . 

Concentration  (M  x  10  )  of  perdeuterio-l-bromobutane 
protiated  at  position  i;  calculated  from  the  equation  in 
footnote  b.  Table  14 . 


0.2  Hz.  To  check  the  bromine  solvent  shift,  2,2- 
dimethylpropane  (Phillips  66,  research  grade,  99.9%) 
was  substituted  for  the  hydrogen  bromide,  and  the 
tubes  were  protected  from  light  by  wrapping  with 
aluminum  foil. 

The  results  are  given  in  Tables  7,  8,  9  and 
10.  The  value  of  the  equilibrium  constant  was  determined 
as  described  in  the  text  (section  II. 2. 4). 

III. 6  Relative  Rates  of  Bromination  of  Cyclohexane  and 

Perdeuteriocyclohexane  in  the  Vapour  Phase 

Aliquots  (0.20  ml)  of  a  solution  of  cyclo¬ 
hexane  (1.312  M) ,  perdeuteriocyclohexane  (1.275  M) , 

Freon  112  (1.402  M,  internal  standard)  and  bromine 

(10.26  M)  were  placed  in  Pyrex  breakseals,  and  these 
were  degassed  once  by  the  freeze-thaw  method  and  sealed. 
The  breakseals  were  attached  to  a  5  1  reaction  bulb; 
in  reactions  4  and  5  (Table  11)  a  second  breakseal 
containing  a  known  amount  of  bromine  was  also  attached 
to  the  reaction  vessel.  The  bulb  was  degassed  to  less 
than  O.ly,  isolated  from  the  vacuum  line  by  a  teflon 
"Rotaflo"  stopcock,  and  the  substrates  introduced  into 
the  vessel  in  the  dark.  They  were  allowed  to  equilibrate 


for  thirty  minutes,  when  the  bulb  was  irradiated  (one 
100  W  incandescent  lamp)  for  sufficient  time  to 
ensure  at  least  12%  reaction  of  cyclohexane-d, ~ .  The 

JL 

contents  of  the  bulb  were  condensed,  and  the  excess 
bromine  destroyed  with  ice-cold  10%  aqueous  sodium 
bisulphite .  One  milliliter  Freon  113  was  added,  and 
the  Freon  solution  washed  once  with  water  and  dried 
(MgSO^)  .  The  reaction  mixture  was  then  analyzed  by 
glpc  on  a  7.5  m  x  6  mm  glass  column  packed  with  7.5% 

UCON  50  LB  550X  on  Chromosorp  P  AW,  80-100  mesh. 

Controls  on  the  recovery  from  the  reaction  bulb  and 
on  the  work-up  showed  that  >98%  of  the  substrates 
and  internal  standard  could  be  recovered,  and  that 
the  ratios  C^D^/Freon  112,  C^H^/Freon  112  and 
<^'6H12//,C6D12  n0t  chan9e  within  experimental  error 

(±  1.8%).  The  results  are  given  in  Table  11. 

The  unbrominated  cyclohexane  and  perdeuterio- 

cyclohexane  were  collected  together  by  preparative 

glpc  (3  m  x  5  mm  10%  UCON  50  LB  550X,  50°).  The  mixture 

was  analyzed  by  mass  spectrometry  (AEI  MS 9 ,  12  ev) , 

and  the  amount  of  protium  in  perdeuteriocyclohexane  and 

the  amount  of  deuterium  in  cyclohexane  was  calculated 

133  . 

by  the  method  of  Biemann.  The  results  are  given  m 


Table  12. 
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^ — Photobrominations  of  1-Chlorobutane  with  Molecular 
Bromine 


Aliquots  (0.500  ml)  of  a  solution  of  1- 
chlorobutane  (7.447  g,  8.045  x  10  ^  mol)  and  bromine 
(1.315  g,  8.226  x  1,0  mol)  were  transferred  into 
each  of  twelve  breakseals.  Each  breakseal  was  in  turn 
attached  to  a  5  1  reaction  vessel  and  this  was  degassed. 
The  vessel  was  isolated  by  a  teflon  "Rotaflo"  stopcock 
from  the  vacuum  line,  and  the  contents  of  the  breakseal 
introduced  into  it.  After  equilibration  in  the  absence 
of  light  (30  minutes),  the  reaction  bulb  was  irradiated 
(one  100  W  incandescent  lamp)  for  the  appropriate 
time,  and  then  the  contents  were  condensed  into  a  tube 
attached  to  the  bulb.  To  the  isolated  mixture  was 
added  20  ml  5%  aqueous  potassium  iodide  solution  and  an 
aliquot  of  a  Freon  113  solution  containing  a  known 
amount  of  o-dichlorobenzene  (internal  standard) .  The 
mixture  was  titrated  iodometrically  for  bromine  and 

^  ^  j 

for  hydrogen  bromide.  The  organic  layer  was  separated, 

washed  once  with  water,  dried  (MgSC>4)  and  analyzed  by 
glpc  (2  m  x  5  mm  10%  UCON  50  LB  550X) .  Only  1-bromo-, 
2-bromo- ,  and  3-bromo-l-chlorobutane  were  detected; 
the  material  balance  (based  on  bromine)  was  always 
greater  than  98.7%.  The  results  are  listed  in  Table  16. 


. 


and 


For  the  computation  of  the  ratios  fa/^ 
f  f  the  experimental  values  obtained  at  time  t  for 
the  concentrations  of  each  of  the  three  brominated 
chlorides  were  plotted  as  a  function  of  the  ratio 
[B^J/tHBr]  (x)  at  time  t.  The  experimental  curves 
were  fitted  by  a  least  squares  program  to  the  exponetial 
function  given  in  expression  56;  the  data  was  divided 
into  two  sections  and  the  curves  fitted  in  parts.  The 

first  five  points  had  a  standard  deviation  of  less 

-3 

than  3  x  10  mol/1;  the  last  five  points  had  a 

“3 

standard  deviation  less  than  6  x  10  mol/1.  The  slopes 
of  the  experimental  curves,  obtained  by  differentiation 
of  the  appropriate  equation  56 ,  were  also  obtained 
from  the  manually  plotted  curves.  The  agreement  between 
the  slopes  obtained  by  the  two  methods  were  within  the 
expected  range  that  would  be  due  to  experimental  error 
in  the  determination  of  the  concentration  of  the 
bromochlorobutanes . 

The  solution  phase  reactions  of  Table  18  were 
run  in  Freon  113.  An  aliquot  of  Freon  113  solutions 
of  1-chlorobutane ,  bromine  and  Freon  112  (internal 
standard)  were  placed  in  Pyrex  tubes  which  had  a  ground 
glass  joint  attached.  The  tubes  were  degassed  three 
times  by  the  freeze-thaw  method  and  sealed.  The  vapour 


space  above  the  solution  was  less  than  0.3  ml.  The 
tubes  were  placed  in  a  water  bath  thermostatted  at  21°  f 
equilibrated  for  ten  minutes  in  the  absence  of  light,, 
and  then  photolyzed  (one  100  W  incandescent  lamp)  till 
about  1-10%  of  the  1-chlorobutane  had  brominated.  The 
tubes  were  opened,  the  excess  bromine  destroyed  in  the 
usual  manner,  and  the  solutions  analyzed  by  glpc 
(3  m  x  5  mm  10%  UCON  50  LB  550X) .  No  dibrominated 
chlorobutanes  were  detected;  the  relative  amounts  of 
1-bromo-l-chlorobutane  and  2 -bromo- 1-chlorobutane  to 
3-bromo- 1-chlorobutane  observed  are  given  in  Table  18 . 

A  control  experiment  was  performed  to  check 

the  stability  of  the  products  in  12  M  bromine  solution. 

A  solution  containing  1-bromo-l-chlorobutane  (1.07  x 

10  ^  M) ,  2-bromo-l-chlorobutane  (1.26  x  10  ^  M)  ,  3- 

-3 

bromo-l-chlorobutane  (2.20  x  10  M) ,  4-bromo-l-chloro- 

X 

butane  (5.54  x  10  M) ,  bromine  (12  M)  and  Freon  112 

-2 

(internal  standard,  1.63  x  10  M)  m  Freon  113  was 
left  in  the  absence  of  light  under  the  same  conditions 
as  the  photoinitiated  reactions.  Aliquots  were  period¬ 
ically  withdrawn,  the  bromine  destroyed  with  ice-cold 
aqueous  sodium  bisulphite  solution  (10%) ,  the  organic 
solution  dried  (MgSO^)  and  analyzed  by  glpc.  The  ratio 
of  the  brominated  chlorides  to  Freon  112  was  found  to 


' 


. 


■ 


remain  unchanged  over  the  same  period  of  time  as  the 
photoinitiated  reactions  were  run,  showing  that  the 
products  were  stable  under  these  conditions . 

III. 8  Vapour  Phase  Bromination  of  1-Bromobutane  with 
Bromine- 81 


Two  breakseals  containing  1-bromobutane 
(2.25  x  10  mol)  and  bromine  (96.04%  Br-81,  3.96%  Br-79, 
3.75  x  10  ^  mol)  respectively  were  attached  to  a  5  1 
reaction  vessel  and  this  was  degassed  to  <ly.  The  two 
reactants  were  introduced  into  the  reaction  bulb, 
allowed  to  equilibrate  in  the  absence  of  light  for 
15  min.,  and  then  the  bulb  was  irradiated  till  all  the 
bromine  colour  was  discharged.  The  contents  of  the 
bulb  were  collected  and  the  unreacted  1-bromobutane, 

1 , 2-dibromobutane ,  1 , 3-dibromobutane  and  1,2,3-tri- 
bromobutane  were  collected  by  preparative  glpc  (2  m  x 
5  mm  10%  DEGS  on  Diatoport,  glass  column) ,  and  analyzed 
by  mass  spectrometry  on  an  AEI  MS 9  spectrometer  at  15 
and  70  ev.  The  relative  intensities  of  the  parent  peaks 
were  independent  of  the  ionization  voltage  within 

The  results  are  given  in  Table  21. 


experimental  error. 


III.  9  Photobromination  of  1-Bromobutane  in  the  Vapour 
Phase  under  "Normal11  Bromination  Conditions 

Into  a  5  1  bulb  that  had  been  evacuated  to 
less  than  ly,  were  distilled  approximately  1.3  x  10  ^ 
mol  1-bromobutane  and  2.5  x  10~^  mol  bromine.  The 
bulb  was  degassed  again  and  sealed.  The  substrates 
were  allowed  to  vapourize  and  equilibrate  in  the  dark 
for  thirty  minutes ,  and  then  the  bulb  was  irradiated 
with  a  40  W  incandescent  lamp.  After  the  photolysis , 
the  contents  were  condensed,  and  the  condensed 
mixture  was  added  to  70  ml  water  containing  2  g 
potassium  iodide,  and  the  solution  titrated  iodometri- 
cally  for  bromine  and  hydrogen  bromide.  One  milliliter 
of  chlorobenzene  solution  (internal  standard)  was 
added,  and  the  organic  solution  washed  with  water  and 
dried  (MgS04) .  It  was  then  analyzed  by  glpc  (4  m  x 
5  mm  15%  DIDP  on  Chromosorp  W  AW,  glass  column) .  The 
results  are  shown  in  Table  22?  products  were  identified 
by  peak  enhancement  with  authentic  materials . 

III. 10  Photobromination  of  1-Bromobutane  with  Excess 
Bromine 


These  reactions  were  run  as  described  in  the 


general  procedure  for  the  perdeuterated  substrates . 

The  amounts  of  substrates  used  and  products  observed 
(using  3  m  x  5  mm  5%  Carbowax  20  M  on  Chromosorp  P  AW, 
glass  column ,  and  2  m  x  5  mm  10%  DEGS  on  Diatoport  S, 
glass  column)  are  given  in  Tables  23  and  27.  The 
material  balance  (on  1-bromobutane)  was  always  greater 
than  96% . 

III. 11  Liquid  Phase  Bromination  Using  Gas  Phase 

Concentrations 


Three  litres  Freon  113  were  placed  in  a 
three-necked  flask  equipped  with  a  gas  bubbler , 
thermometer  and  double  surface  condenser,  the  outlet 
of  which  was  protected  by  a  calcium  chloride  drying 
tube.  The  flask  was  placed  in  a  water  bath,  and  the 
Freon  was  flushed  with  dry  argon  for  70  minutes,  during 
which  time  it  was  also  stirred  magnetically.  In 
subdued  light,  4  ml  of  a  Freon  113  solution  of  1-bromo- 
butane  (0.209  M)  and  2  ml  of  a  Freon  113  solution  of 
bromine  (0.0988  M)  were  added.  The  solution  was  stirred 
in  the  dark  for  10  minutes,  and  then  it  was  irradiated 
(two  200  W  incandescent  lamps)  for  5  hours.  The 
temperature  during  the  photolysis  was  25-28°.  One 
milliliter  of  a  Freon  113  solution  of  chlorobenzene  and 
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o  dichlorobenzene  (internal  standards)  was  added,  and 
the  solution  was  washed  with  100  ml  aqueous  sodium 
bisulphite  (8%)  and  with  water  (150  ml) .  It  was 
dried  (MgSO^)  and  then  carefully  concentrated  by 
distillation  of  the  Freon  on  a  60  cm  teflon  spinning 
band  column  to  about  7  ml.  The  concentrated  solution 
was  analyzed  by  glpc  (2  m  x  5  mm  10%  DEGS  on  Diatoport 
S)  .  The  results  are  given  in  Table  23;  the  ratio  of 
chlorobenzene  to  o-dichlorobenzene  was  the  same,  within 
experimental  error,  after  the  distillation  as  in  the 
original  solution.  The  products  were  identified  by  spiking 
with  authentic  materials.  The  material  balance  based  on 
bromine  was  97.7% 

III. 12  Vapour  Phase  Bromination  of  1-Butene 

l“Butene  was  measured  in  a  vacuum  line,  and 
distilled  into  a  breakseal  sealed.  Bromine  was  weighed 
in  a  small  tube,  the  tube  dropped  into  a  breakseal, 
and  this  was  degassed  once  and  sealed.  The  breakseals 
were  attached  to  the  reaction  vefcsel  (5,  12  or  22  1), 
and  after  this  was  evacuated  to  less  than  0 . 3y  the  bromine 
was  introduced  into  the  bulb  and  allowed  to  equilibrate 
for  at  least  ten  minutes.  The  1-butene  breakseal  was 
then  broken:  in  the  reactions  were  the  reactants  were 
not  allowed  to  equilibrate,  the  irradiation  of  the 
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bulb  was  started  before  the  butene  breakseal  was  broken. 
The  bromine  colour  was  discharged  instantaneously 
(< 5  sec.) .  The  contents  of  the  bulb  were  collected, 
an  internal  standard  (chlorobenzene)  and  some  solid 
sodium  bicarbonate  added,  and  the  solution  analyzed 
by  glpc  (3  m  x  3  mm  5%  Carbowax  20  M  on  Chrornosorp  P  AW, 
glass  column) .  Four  products  were  detected,  other  than 
unreacted  1-butene;  these  were  identified,  by  spiking 
with  authentic  materials  as  1-bromobutane ,  3-bromo- 

1- butene,  l-bromo-2-butene  and  1 , 2-dibromobutane .  The 
reaction  mixture  was  also  analyzed  on  a  3  m  x  5  mm  20% 
Silicone  Oil  200  on  Chrornosorp  W  at  23°  to  check  if  any 

2- butene  was  formed.  The  products  were  collected  by 
preparative  glpc  (3  m  x  5  mm  10%  Carbowax  20  M  TPA  on 
Chrornosorp  P  AW,  glass  column) .  1-Bromobutane  was 
collected  as  a  mixture  with  3-bromo-l-butene .  The 
nmr  and  mass  spectra  of  these  products  were  identical 
with  those  of  the  authentic  materials.  A  control 
mixture  of  1— bromobutane  and  3— bromo—1— butene  showed 
that  1— bromobutane  could  easily  be  detected  by  nmr 
and  mass  spectroscopy. 

III.  13  Competitive  Bromination  of  the  Allylic_  Bromides_ 
and  1- Bromobutane  in  the  Vapour  Phase_ 


An  aliquot  (0.2  ml)  of  a  Freon  113  solution  of 


, 


209. 


1~ bromobutane  (1.542  M)  and  a  mixture  of  1— bromo— 2— 

butene  and  3 -b romo - 1 -butene  (1.691  M)  was  placed  in 

a  breakseal ,  which  was  then  degassed  and  sealed. 

Into  a  second  breakseal  was  weighed  0.0456  g  (2.85  x 
-4 

10  mol)  bromine,  and  it  was  degassed  and  sealed.  The 
breakseals  were  attached  to  a  5  1  reaction  bulb  and 
this  was  degassed.  After  the  allylic  bromides  and 
1-bromobutane  had  been  allowed  to  equilibrate  in  the 
bulb,  the  bromine  breakseal  was  broken  and  the  bulb 
was  irradiated  at  the  same  time  (one  60  W  incandescent 
lamp) o  The  bromine  colour  was  discharged  in  less  than 
5  sec.  After  the  contents  of  the  bulb  were  collected, 
an  aliquot  of  a  chlorobenzene  solution  in  Freon  113 
(internal  standard)  and  some  solid  sodium  bicarbonate 
were  added,  and  the  solution  analyzed  for  starting 
materials  (6  m  x  3  m  5%  UCON  POLAR  on  Chromosorp  W) 
and  for  products  (6  m  x  3  mm  5%  DEGS  on  Chromosorp  W) . 
Glpc  showed  that  the  solution  contained  3.040  ±  0.050  x 
10~4  mol  1-bromobutane ,  5.186  ±  0.078  x  10  ^  mol  allylic 
bromides,  3.05  ±  0.01  x  10~6  mol  1 , 2-dibromobutane , 

1.48  ±  0.01  x  10”6  mol  1 , 3-dibromobutane  and  2.737  ± 
0.003  x  10"4  mol  1,2 , 3-tribromobutane.  The  products 
were  identified  by  comparison  of  their  retention  times 
with  that  of  authentic  materials,  and  by  spiking. 


Since  both  1-bromobutane  and  the  allylic  bromides 
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can  give  1,2, 3-tribromobutane  on  bromination,  the  amount 
of  this  product  formed  from  1-bromobutane  was  calculated 
as  follows.  The  initial  ratio  of  1-bromobutane  (RBr) 
to  allylic  bromides  (ABr)  was  1.0966.  If  the  amount 
of  tribromide  formed  from  1-bromobutane  was  x,  the 
initial  ratio  of  RBr:ABr  may  be  expressed  as  in  equation 
87,  where  it  is  assumed  that  the  dibromides  arise  from 


(RBr) °  (RBr) f  +  (1,2)  +  (1,3)  +  (x) 
(ABr) °  (ABr) f  -f  (1,2,3)  -  (x) 


(87) 


bromination  of  1-bromobutane.  The  value  of  x  was  found 
to  be  6.13  x  10  mol;  the  rate  of  bromination  of  the 
allylic  bromides  (ka)  relative  to  that  of  1-bromobutane 
(k^)  was  then  calculated  as "in  equation  88. 


(ABr) (1,2,3)- (x) 
(ABr) ° 


(88) 


III. 14  Photobromination  of  1-Butene  with  Excess  Bromine 


Three  breakseals,  containing  1-butene  (7.927  x 
10  ^  mol) ,  bromine  (1.891  x  10  mol)  and  toluene  (Phillips 
research  grade,  1.16  x  10  mol)  respectively,  were 
attached  to  a  22  1  reaction  bulb,  which  was  degassed  and 
isolated  from  the  vacuum  line.  The  bromine  was  introduced 
into  the  bulb  and  allowed  to  equilibrate  for  15  mm.; 


the  bulb  was  irradiated  (one  100  W  incandescent  lamp) 

and  the  alkene  was  introduced  into  the  reaction  vessel. 

After  5  sec. ,  the  toluene  breakseal  was  broken  and 

the  system  irradiated  for  a  further  30  min.  The 

contents  of  the  bulb  were  collected ,  an  aliquot  of  a 

Freon  113  solution  of  chlorobenzene  and  some  solid 

sodium  bicarbonate  added,  and  the  solution  was  analyzed 

by  glpc  (2  m  x  5  mm  10%  UCON  50  LB  550X) .  Only  three 

—  6 

products  were  detected,  1 , 2-dibromobutane  (6.5  x  10 

_  3 

mol),  benzyl  bromide  (1.812  x  10  mol)  and  1,2,3- 

-5 

tribromobutane  (6.62  x  10  mol).  The  material  balance 
on  bromine  was  99.7%. 


REFERENCES 


lc  C.  Walling,  “Free  Radicals  in  Solution,"  Wiley, 

New  York,  N. Y.  ,  1957. 

2.  A.  F.  Trotman-Dickenson ,  "Gas  Kinetics,"  Butter- 
worths,  London,  1955. 

3.  E.  W.  R.  Steacie,  "Atomic  and  Free  Radical 
Reactions,"  Reinhold,  New  York,  N.Y. ,  1954. 

4.  A.  F.  Trotman-Dickenson ,  Adv.  Free-Radical  Chem. , 

1,  1  (1965)  . 

5.  W.  A.  Pryor,  "Free  Radicals,"  McGraw-Hill,  New  York, 
N.Y.,  1966. 

6.  E.  S.  Huyser,  "Free  Radical  Chain  Reactions,"  Wiley, 
New  York,  N.Y. ,  1970. 

7.  R.  S.  Davidson,  Quart.  Rev.  (London),  2JL,  249  (1967). 

8.  J*  M.  Tedder,  ibid. ,  14 ,  336  (1960). 

9.  J.  A.  Kerr,  "Free  Radicals,"  Vol.  1,  J.  K.  Kochi, 

ed.  ;  Wiley,  New  York,  N.Y.,  1973,  ch.  1. 

10.  G.  A.  Russell,  "Free  Radicals,"  Vol.  1,  J.  K.  Kochi, 
ed.  ;  Wiley,  New  York,  N.Y.,  1973,  ch.  7. 

11.  M.  L.  Poutsma,  "Free  Radicals,"  Vol.  2,  J.  K.  Kochi, 
ed. j  Wiley,  New  York,  N.Y. ,  1973,  ch.  14. 

12.  M.  Szwarc ,  Chem.  Soc.  (London),  Spec.  Publ.  16,  91 
(1962). 

13.  P.  S.  Fredricks  and  J.  M.  Tedder,  J.  Chem.  Soc.,  144 
(1960). 

14.  H.  Singh  and  J.  M.  Tedder,  ibid. ,  4737  (1964). 

15.  H.  Singh  and  J.  M.  Tedder,  ibid. ,  B,  608  (1966). 

16.  R.  E.  Pearson  and  J.  C.  Martin,  J.  Amer.  Chem.  Soc., 
85 ,  3142  (1963) . 

17.  E.  A.  Huyser,  Adv.  Free-Radical  Chem.  ,  1_ ,  77  (1965)  . 


212. 


■ 


213 . 


18. 

19. 

20. 
21. 

22. 


23. 

24. 

25. 

26. 

27. 

28. 

29. 

30 


J.  C.  Martin,  "Free  Radicals,"  Vol.  2,  J.  K.  Kochi, 
ed.?  Wiley,  New  York,  N.Y. ,  1973,  ch.  20. 

F.  R.  Mayo,  J.  Amer.  Cherti.  Soc.  ,  89  ,  2654  (1967). 

E.  C.  Kooyman,  Rec.  Chem.  Prog.,  24_,  93  (1963). 

M.  L.  Poutsma,  "Free  Radicals,"  Vol.  2,  J.  K. 

Kochi,  ed.  ;  Wiley,  New  York,  N.Y. ,  1973,  ch.  15. 

W.  Thaler,  "Methods  in  Free-Radical  Chemistry," 

Vol.  2,  E.  S.  Huyser,  ed. ;  Dekker,  New  York,  N.Y., 
1969,  ch.  2. 

G.  So  Hammond,  J.  Amer.  Chem.  Soc.,  77_,  334  (1955). 

G.  A.  Russell  and  H.  C.  Brown,  ibid.,  77,  4578 
(1955)  . 

C.  Walling  and  B.  Miller,  ibid.  ,  79_,  4181  (1957)  . 

G.  B.  Kistiakowsky  and  E.  R.  Van  Artsdalen,  J.  Chem, 
Phys.  ,  12,  469  (1944)  . 

H.  C.  Andersen  and  E.  R.  Van  Artsdalen,  ibid. ,  12 , 
479  (1944)  . 

B.  H.  Eckstein,  H.  A.  Scheraga  and  E.  R.  Van  Arts¬ 
dalen,  ibid. ,  22 ,  28  (1954). 

E.  I.  Hormats  and  E.  R.  Van  Artsdalen,  ibid . ,  19 , 
778  (1951) . 


dalen,  ibid.,  21,  1258  (1953). 

31. 

J.  H.  Sullivan  and  N.  Davidson, 
(1951) . 

ibid . ,  19 ,  143 

32. 

S.  W.  Benson,  J.  Chem.  Ed.,  42, 

502  (1965)  . 

33. 

J.  A.  Kerr,  Chem.  Rev.,  66_,  465 

(1966)  . 

34. 

S.  W.  Benson  and  J.  H.  Buss,  J. 
(1958) . 

Chem.  Phys.,  2_8,  301 

35 . 

D.  D.  Tanner,  M.  W.  Mosher  and 
Chem.  ,  4_7,  4709  (1969)  . 

N.  J.  Bunce,  Can.  J. 

36  W.  H.  Urry ,  Abstracts,  Twelfth  National  Organic 
Symposium,  Amer.  Chem.  Soc.,  Denver,  Colorado, 
June  1951,  p.  30. 


' 


214. 


37.  K.  B.  Wiberg  and  L.  H.  Slaugh,  J.  Aroer.  Chem.  Soc. , 
80,  3033  (1958). 


38.  E.  C.  Kooyman,  R.  Van  Helden  and  A.  F.  Bickel, 
Koninkl.  Ned.  Akad.  Wetenschap. ,  Proc. ,  56B ,  75 
(1953);  C .  A . ,  48,  4456  (1954). 

39.  C.  Walling,  A.  L.  Rieger  and  D.  D.  Tanner,  J.  Amer. 
Chem.  Soc.,  85,  3129  (1963). 


40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 


E. 

S  . 

Huyser , 

ibid.,  82,  391,  394 

(1960) . 

G. 

A. 

Russell 

and  C.  DeBoar,  ibid. 

,  85,  3136 

(1963) . 

D. 

D. 

Tanner , 

R.  J.  Arhart,  E.  V. 

Blackburn , 

N.  C. 

Das  and  N.  Wada,  ibid,  96 ,  829  (1974). 

D.  D.  Tanner  and  N.  Wada,  ibid. ,  9 7 ,  2190  (1975). 

D.  D.  Tanner,  J.  E.  Rowe,  T.  Pace  and  Y.  Kosugi, 
ibid.  ,  9_5  ,  4705  (1973)  . 

D.  D.  Tanner,  T.  Pace  and  T.  Ochiai,  Can.  J.  Chem. , 
53,  0000  (1975) ,  in  press. 


J.  Frank  and  E.  Rabinowitch,  Trans.  Faraday  Soc., 
30,  120  (1934) . 


R.  M.  Noyes, 
1349  (1954). 

J. 

Chem.  Phys . , 

18, 

999 

(1950)  ;  22_ 

R.  M.  Noyes, 

J. 

Phys .  Chem. , 

£5, 

763 

(1961) . 

R.  M.  Noyes, 
(1961) . 

Prog.  Reaction, 

Kinetics 

,  1,  131 

P.  J.  Flory,  "Principles  of  Polymer  Chemistry," 
Cornell  University  Press,  Ithaca,  N.Y. ,  1953. 


T.  Koenig,  "Free  Radicals,"  Vol.  1,  J.  K.  Kochi, 
ed.;  Wiley,  N.Y.  ,  1973,  ch.  4. 

W.  0.  Haag  and  E.  I.  Heiba,  Tetrahedron  Lett.,  3679 
(1965) . 

D  D  Tanner,  H.  Yabuuchi  and  E.  V.  Blackburn,  J. 
Amer!  Chem.  Soc.,  93,  4802  (1971). 

G.  C.  Fettis,  J.  H.  Knox  and  A.  F.  Trotman-Dickenson , 
Can.  J.  Chem.,  1643  (1960). 


5  - 


D.  D.  Tanner,  T.  Ochiai  and  T.  Pace,  J.  Amer.  Chem. 
Soc. ,  97 ,  0000  (1975),  in  press. 

F.  Yaron,  "Bromine  and  Its  Compounds,"  Z.  E.  Jolles 
ed.;  Academic  Press,  New  York,  N.Y.,  1966,  ch.  2. 

R.  F.  Barrow,  "Mellor's  Comprehensive  Treatise  on 
Inorganic  and  Theoretical  Chemistry,"  Supp.  II, 

Part  I,  Longmans,  Green  &  Co.,  London,  1956, 
section  27. 

R.  S.  Mulliken,  J.  Amer.  Chem.  Soc.,  72_/  600  (1950) 

N.  S.  Bayliss,  Nature,  163,  764  (1949);  J.  Chem. 
Phys. ,  18,  292  (1950) . 

M.  Schmeisser  and  E.  Schuster,  "Bromine  and  Its 
Compounds,"  Z.  E.  Jolles,  ed. ;  Academic  Press, 

New  York,  N.Y. ,  1966,  ch.  4. 

M.  DeHlasko,  J.  Chim.  Phys.,  2_6_,  125  (1929). 

S.  K.  Ray,  J.  Indian.  Chem.  Soc.,  9_,  259  (1932). 

R.  M.  Keefer  and  L.  J.  Andrews,  J.  Amer.  Chem. 

Soc. ,  74,  1891  (1952) . 

T.  C.  S.  Ruo,  Ph.  D.  Thesis,  The  University  of 
Alberta,  Alberta,  1975. 

G.  A.  Russell,  A.  Ito  and  R.  Konaka,  J.  Amer.  Chem. 
Soc.  ,  85_,  2988  (1963)  . 

W.  Thaler,  ibid.  ,  85_ ,  2607  (1963)  . 

C.  Ronneau,  J.  Soumillian,  P.  Dejaifive  and 

A.  Bruylants,  Tetrahedron  Lett.,  317  (1972). 

B.  Topley  and  J.  Weiss,  J.  Chem.  Soc.,  912  (1936). 

L.  C.  Liberatore  and  E.  0.  Wiig,  J.  Chem.  Phys., 

8,  165  (1940) . 

W.  F.  Libby,  ibid. ,  8,  348  (1940). 

H.  W.  Dodgen  and  W.  F.  Libby,  ibid .  ,  1_7  ,  951  (1949) 

H.  Jacobson,  ibid. ,  IB ,  994,  (1950). 


W.  H.  Hamill  and  J.  A.  Young,  ibid.  ,  2_0,  888  (1952) 


. 


216. 


74c  S.  J.  Lyle,  "Bromine  and  Its  Compounds,"  Z.  E. 

Jolles ,  edc  ;  Academic  Press,  New  York,  N.Y. ,  1966  , 
part  IV. 

75.  D.  D.  Tanner,  M.  W.  Mosher,  N.  C.  Das  and  E.  V. 

Blackburn,  J.  Amer.  Chem.  Soc. ,  93,  5846  (1971). 

76 o  Unpublished  results  of  M.  W.  Mosher,  H.  Yabuuchi, 

E.  V.  Blackburn,  Y.  Kosugi  and  T.  Pace  from  this 
laboratory . 

77.  J.  H.  Beynon ,  "Mass  Spectrometry  and  Its  Applica¬ 
tions  to  Organic  Chemistry,"  Elsevier,  Amsterdam, 
19  60. 


78.  D.  D.  Tanner,  D.  Darwish,  M.  W.  Mosher  and  N.  J. 
Bunce,  J.  Amer.  Chem.  Soc.,  9JL,  7398  (1969). 

79.  P.  S.  Skell,  Chem.  Soc.  (London),  Spec.  Publ.  19, 
131  (1964)  . 

80.  P.  S.  Skell  and  K.  J.  Shea,  Israel  J.  Chem.,  10 , 
493  (1972). 

SI.  P.  S.  Skell  and  K.  J.  Shea,  "Free  Radicals,"  Vol . 
2,  J.  K.  Kochi,  ed. ;  Wiley,  New  York,  N.Y.,  1973, 
ch .  26. 


82.  D.  S.  Ashton,  J.  M.  Tedder  and  J.  C.  Walton,  Chem. 
Commun. ,  1487  (1971) . 


83.  D.  S.  Ashton,  A.  Nechvatal ,  I.  K.  Stoddart,  J.  C. 
Walton  and  J.  M.  Tedder,  J.  Chem.  Soc.,  Perkin  I, 

846  (1973). 

84.  D.  S.  Ashton,  J.  M.  Tedder,  M.  D.  Walker  and  J.  C. 
Walton,  J.  Chem.  Soc.,  Perkin  II,  1346  (1973). 

85.  L.  Kaplan,  "Bridged  Free  Radicals,"  Dekker,  New 
York ,  N. Y. ,  1972 . 

86.  J.  G.  Traynham  and  W.  G.  Hine,  J.  Amer.  Chem.  Soc., 
9_0 ,  5208  (1968). 

87.  H.  Schweinsberg  and  J.  G.  Traynham,  Abstracts,  158th 
National  Meeting,  Amer.  Chem.  Soc.,  New  York,  N.Y. , 
Sept.  1969,  No.  ORGN  122. 

88.  E.  R.  Thornton,  Ann.  Rev.  Phys.  Chem.,  1/7,  349 
(1966)  . 


' 


217 


89  c 

90. 

91. 


E.  A.  Halevi ,  Progr.  Phys. 
(1963). 

L.  Pusch,  Z.  Elektrochem. , 
14,  381  (1920). 

W.  Noddack,  ibid.,  27,  359 
(1921). 


Org.  Chem.  ,  1_,  109 
2Ar  336  (1919)  ;  C.A.  , 
(1921) ;  C.A. ,  15,  3589 


92.  B.  J.  Wood  and  E.  K.  Rideal,  J.  Chem.  Soc. ,  2466 
(1927)  . 

93.  W.  Jost,  Z.  physik.  Chem.,  Bodenstein  Festband,  291 
(1931);  C.A.,  25,  5845  (1931). 

94.  S.  H.  Jones  and  E.  Whittle,  Int.  J.  Chem.  Kinet. , 

2,  479  (1970) . 

95.  D.  D.  Tanner,  T.  Pace  and  T.  Ochiai ,  J.  Amer.  Chem. 
Soc.,  9 _7,  0000  (1975),  in  press. 

96.  J.  A.  Wheat  and  A.  W.  Browne,  ibid. ,  62 ,  1575,  1577 
(19  40)  . 

97.  J.  A.  Magnuson  and  J.  H.  Wolfenden,  J.  Phys.  Chem., 
60,  1665  (1956). 

98.  C.  M.  Davidson  and  R.  F.  Jameson,  Chem.  Ind. 

(London) ,  1686  (1963) . 

99.  J.  W.  Ensley,  J.  Feeney  and  L.  H.  Sutcliffe,  "High 
Resolution  Nuclear  Magnetic  Resonance  Spectroscopy," 
Vol.  1,  Pergamon  Press,  Oxford,  1967,  pp  484-488. 

100.  J.  A.  Pople,  W.  G.  Schneider  and  H.  J.  Bernstein, 
"High  Resolution  Nuclear  Magnetic  Resonance  Spectros¬ 
copy,"  McGraw-Hill,  New  York,  N.Y.,  1959,  ch.  10. 

101.  L.  Petrakis  and  C.  H.  Soderholm,  J.  Chem.  Phys.,  3_5, 
1174  (1961)  . 

102.  J.  S.  Martin  and  F.  Y.  Fujiwara,  ibid.,  56_,  4091 
(1972). 

103.  Unpublished  results  of  R.  J*  Arhart  from  this 
laboratory . 

104.  H.  A.  Bernesi  and  J.  H.  Hildebrand,  J.  Amer.  Chem. 
Soc. ,  71,  2703  (1949) . 


218  o 


105. 

106. 

107. 

108. 

109. 

110. 

111. 

112. 
113. 
114  . 

115. 

116. 

117. 

118. 

119  . 

120. 

121. 

122. 


R.  L.  Scott, 
(1956). 


Rec.  Trav.  Chim.  Pays-Bas,  75, 


787 


P«  D.  Bartlett  and  J.  M.  McBride,  Pure  Appl.  Chem. , 
15,  89  (1967). 

0.  D.  Trapp  and  G.  S.  Hammond,  J.  Amer.  Chem.  Soc., 
81,  4876  (1959) . 

R.  B.  Timmons,  J.  de  Guzman  and  R.  E.  Varnerin, 
ibid.  ,  90_,  5996  ,  (1968)  . 

M.  S.  Kharasch,  W.  S.  Zimmt  and  W.  Nudenberg, 

J.  Org.  Chem.,  2_0,  1430  (1955). 

Unpublished  results  of  T.  Ochiai  and  H.  Takiguchi 
from  this  laboratory. 

J.  G.  Traynham,  E.  E.  Greebe ,  Y.  S.  Lee,  F. 
Schweinsberg  and  C.  E.  Low,  J.  Amer.  Chem.  Soc., 

94,  6552  (1972). 


P .  s . 

Skell  and  K.  J.  Shea, 

ibid. , 

94, 

6550 

(1972) 

K.  J. 

Shea  and  P.  S.  Skell, 

ibid. , 

21' 

283 

(1973)  . 

J.  G.  Traynham  and  Y.  S.  Lee,  ibid.,  96,  3590 
(1974). 


J.  S.  Incremona  and  J.  C.  Martin,  ibid. ,  92 , 
627  (1970). 

A.  Nechvatal ,  Adv.  Free-Radical  Chem.,  4_,  175 
(1972). 


F.  L.  J.  Sixma  and  R.  H.  Riem,  Proc.  k.  ned.  Akad. 
Wetenschap. ,  61B,  183  (1958) . 

B.  P.  McGrath  and  J.  M.  Tedder,  Proc.  Chem.  Soc., 

80  (1961). 

Unpublished  results  of  Y.  Kosugi  and  N.  Wada  from 
this  laboratory. 

H.  C.  Brown  and  A.  B.  Ash,  J.  Amer.  Chem.  Soc., 

27,  4014  (1955) . 

C.  Walling  and  B.  B.  Jacknow,  ibid . ,  82 ,  6113  (1960)  . 

D.  D.  Tanner  and  N.  Nychka,  ibid.  ,  89.'  121  (1967). 


12  3  . 

124  . 

125. 

126. 

127. 

128. 


D.  D.  Tanner  and  P.  B.  Van  Bostelen,  J.  Org.  Chem. , 
32,  1517  (1967).  y 

R.  V.  Lloyd,  D.  E.  Wood  and  M.  T.  Rogers,  J.  Amer. 
Chem.  Soc.,  9_6  ,  7130  (1974). 

J.  H.  rgis  and  P.  B.  Shelvin,  Chem.  Commun . , 

179  (If  , 3)  . 

S.  J.  Cristol,  M.  A.  Imhoff  and  D.  C.  Lewis,  J. 

Org.  Chem.,  35,  1722  (1970). 

J.  C.  Day,  M.  J.  Lindstrom  and  P.  S.  Skell,  J.  Amer 
Chem.  Soc.,  9_6,  5616  (1974). 

G.  A.  Russell  and  K.  M.  Desmond,  ibid.,  85,  3139 
(1963).  ‘ 


129.  J.  E.  Rowe,  Ph.D.  Thesis,  The  University  of  Alberta 
Alberta,  1974. 

130.  "Handbook  of  Chemistry  and  Physics,"  50th  ed. ,  The 
Chemical  Rubber  Co.,  Cleveland,  Ohio,  1969. 

131.  C.  F.  H.  Allen  and  S.  Converse,  Org.  Syn.,  Coll. 
Vol.  1,  226  (1951). 

132.  H.  M.  McNair  and  E.  J.  Bonelli,  "Basic  Gas 
Chromatography,"  Varian  Aerograph,  Berkeley,  Calif. 
1969  . 

133.  K.  Bieman,  "Mass  Spectrometry,  Applications  to 
Organic  Chemistry,"  McGraw-Hill,  New  York,  N.Y., 
1962  . 

134.  G.  H.  Cady,  Inorg.  Synth.,  5,  156  (1957). 

135.  P.  S.  Skell  and  P.  D.  Readeo ,  J.  Amer.  Chem.  Soc., 
86_,  3334  (1964). 

136.  E.  L.  Eliel  and  R.  G.  Haber,  J.  Org.  Chem.,  24_f  143 
(1959) . 


appendix  1 


The  Cage  Effect,  in  the  Photobromination  of  Perdeuterio- 

1-Halobutanes  with  Excess  Bromine 

and  Excess  Hydrogen  Bromide 

The  solution  phase  bromination  of  alkanes  and 
substituted  alkanes  differs  from  the  vapour  phase 
reaction  (Scheme  1)  in  that  cage  filtering  is  present 
and  reversal  with  hydrogen  tribromide  is  important. 

The  proposed  mechanism  for  the  bromination  of  perdeuterio- 
l~chlorobutane  in  solution  is  given  in  Scheme  4.  The 
rate  of  formation  of  perdeuterio-l-bromo-l-chlorobutane 
(RaBr )  is  given  by  equation  89,  while  that  of  perdeuterio- 
1-pro tio-l-chlorobutane  (RaH)  is  given  by  equation  90. 

The  ratio  of  the  rates  of  formation  of  R^Br  and  R  H  is 
given  by  expression  91,  which  under  the  reaction 

d[RaBr]/dt  =  k2[R*][Br23  (89) 

d[RaH]/dt  =  k_x  [R*  ]  [HBr ]  +  k^tR-]  [HBr3]  (90) 

d[RaH]/dt  k  [HBr]  +  kl  [HBr3] 

_ _  _  ~-L  - ± — - -  (91) 

d[RaBr]/dt  k2[Br2l 

conditions,  i.e.  when  the  concentrations  of  bromine  and 
hydrogen  bromide  (and  consequently  hydrogen  tribromide)  do 
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■ 


not  change  significantly,  may  be  integrated  (equation 
92)  .  Adding  1  to  each  side  of  this  expression  and 
rearrangement  gives  equation  93. 
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[RaH]f-[RaH]°  k_1[HBr]+kl1[HBr3] 

[RaBr ]  k2[Br2] 

[RaH]  f-  [RaH]  °+  [RaBr  ]  k_x  [HBr]+k’  [HBr3]+k2  [Br2  ] 
[RaBr]  k2[Br2] 


(92) 


(93) 


The  ratio  of  the  rates  of  formation  of 
perdeuterio-l-bromo-l-chlorobutane  and  perdeuterio-3- 
bromo-l-chlorobutane  (R^Br)  is  given  by  equation  94. 


d[RaBr]/dt  k2 [R*a] 
d[R^Br]/dt  kg[R*Y] 


(94) 


To  solve  this  equation,  one  has  to  substitute  for  the 
concentration  of  the  radicals  on  the  right  hand  side. 

This  may  easily  be  done  by  assuming  a  steady  state  con 
centration  of  the  caged  radicals,  [R*  ]  (equation  95) , 
and  for  the  "free"  radicals,  [R-a]  (equation  96). 

d[R-a]C/dt=0=k1  [RD]  [Br- ]-k°1[R-a]C[DBr]C-kd[R-a]°  (95) 

d[R-a]/dt=0= 

kd[R-“|C-k  x  [R-a]  [HBrl-k^  [R- a]  [HBr3l-k2  [R-a]  [Br2l  (96) 
Solving  for  [R-a]C  from  equation  95  (equation  97),  (where 
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c 

[DBr ]  is  the  cage  concentration  of  deuterium  bromide) , 
and  substituting  this  value  of  into  equation  96 

and  solving  for  [R*a]  gives  equation  98.  A  similar 

[R-“]C  =  kj_[RD]  [Br-J/tk^IDBr]0  +  kd)  (97) 

[R-a)  =  k^lRD]  [Br-]/ 

(k^  [DBr] c  +  kd)(k_1[HBr)  +  kV^HBr^  +  k2[Br2l)  (98) 

expression  may  be  derived  for  [R*^j.  Substituting 
equation  98  and  the  corresponding  expression  for  [R* y] 
into  equation  94  gives  expression  99,  which  assumes  that 
the  rate  of  diffusion  of  the  isomeric  radicals  is  the 
same.  Under  the  conditions  described  above,  this 
expression  may  be  integrated  (equation  100) .  The 
integration  further  assumes  that  the  concentration  of 
deuterium  bromide  in  the  solvent  cage  does  not  change 
during  the  reaction. 

d[RaBr]/dt 
d [RyBr ] /dt 

klk2A-5[DBrlC  +  kA/k-^[HBrl  +  k-51HBr3>  +  VBr2]\  (99) 

[DBr]  c  +  kdH  k_i  [HBr]  +  k^IHBr^  +  k2[Br2]^ 

[RaBr] 

[RYBr] 

k3k2 /k°5  [DBr] c  +  kX/k.^lffir]  +  k:s[HBr3]  +  yBr2l\ 

^ \k°l(DBr]c  +  kdy yk_3  [HBr ]  +  +  k2  [Br2T/ 


(100) 
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Combining  equation  100  with  equation  93  and 
a  similar  one  for  the  y-position  simplifies  equation 
100  to  expression  101o 


[DBr  ] 
[DBr  ] 


c 


c 


k]_  /[R^H] f  -  [RYH]°  +  [RYBrf 
k5l[RaH]f  -  [RaH]°  +  [RaBr] 


(101) 


A  P  P  E  N  D  I  X  2 


Simulation  of  the  B3rom3.na.tion  of  1— Bromobutane— Br— 82 

with  Molecular  Bromine 

The  reaction  of  1 -bromobutane  labelled  with 

Br-82  with  molecular  bromine  reported  by  Bruylant 
6  7 

et  al ,  was  simulated  as  shown  in  Scheme  7.  Only  the 
formation  of  three  products  was  considered,  1,2- 
dibromobutane ,  1 , 3-dibromobutane  (representing  all  the 
non-vicinal  dibromides)  and  hydrogen  bromide.  The 
reaction  was  simulated  stepwise.  In  each  step,  y  moles 
of  Br*  attack  the  molecule , *  and  of  these  a  fraction  f 
abstracts  the  3-hydrogens.  (Reversal  with  hydrogen 
bromide  was  assumed  to  have  no  effect  on  these  figures, 
see  below.)  A  fraction  of  the  3-bromobutyl  radicals, 
e,  eliminates  bromine  atoms  to  give  1-butene,  which 
then  adds  bromine  to  form  1 , 2-dibromobutane .  The  amount 
of  each  product  formed  is  given  in  the  scheme. 


The  program  assumes  that  the  values  of  f  and 
e  are  constant  with  percentage  reaction.  The  value 

for  f  was  calculated  as  0.8  from  the  data  in  the 

67  for  e  was  varied  from  0  to  1 

communication.  The  value  ror  t; 


224. 


Scheme 
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i.e.  the  amount  of  elimination  from  the  B-bromobutyl 
radicals  was  changed  from  0%  to  100%.  The  reaction 
was  simulated  to  87%  converson  of  the  bromine;  this 
figure  was  also  determined  from  the  published  results. 
The  reaction  was  simulated  in  1000  steps,  i.e.  the 
value  of  y  was  set  at  0.00087.  Simulation  using 
a  larger  number  of  steps,  e.g.  10,000,  was  found  to 
give  the  same  results  within  the  accuracy  of  the  re¬ 
ported  data. 

In  each  step,  the  Br-82  that  was  eliminated 
was  mixed  with  the  bromine  pool  prior  to  any  further 
reaction,  and  the  ratio  of  radioactive  to  "dead" 
bromine  in  the  pool  determined.  The  radioactivity  in 
each  of  the  products  formed  in  this  step  was  then 
calculated  and  the  results  accumulated.  The  program 
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IMPLICIT  REAL*8  (A-H,  O-Z) 

K=870 
E  =  0 . 0D0 
ALKYL=1 . 91D0 
V7R!TE(6,801) 

801  FORMAT ( * OCON . ! ,  6X, 1  EL  I M ' , 10X/  *  I  N  * , 

X8X, *1,2-DI *,7X, '0THER*,7X, '2-POS',6X, *1“P0S* ) 
DO  2  1=1,101 
AMT=0 . ODO 
ALK=ALKYL 
P00L=2 . ODO 

Y=DFL0AT(K)/1 000000. ODO 

RAT  1 0  =  0 . ODO 

ANON12=0 . ODO 

DS12=0 . ODO 

ELI M 12=0. ODO 

POS2=0 . ODO 

POS1=0 . ODO 
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F  =  0 . 8  ODO 

YFE=Y*F*E 

DO  1  J=l,1000 

RATI 0=(YFE+AMT)/ ( POOL+YFE) 

AN0N12=Y* ( 1.0D0-F)*(1. ODO  +  RAT I  0 )+AN0N12 

DS12=Y*F*(1.0D0-E)*(1. ODO  +  RAT 1 0 )  +  DS12 

EL  I  Ml 2  =  2 . ODO*YFE*RATI O  +  EL IM12 

P0S2=Y*F*RAT I Q+P0S2 

P0S1=Y*F* ( 1 . ODO+E*RAT I 0-E)+P0Sl 

ALK=ALK-Y 

POOL=POOL-Y 

AMT=RAT l 0*P00L 

KK=K/10 

TOTAL=ALKYL-ALK 

P12=100.0D0*(DS12+ELIM12)/TOTAL 
P13=100. ODO *ANON 12/ TOTAL 
PI N0RG=1 00. ODO*RAT I  0* POOL/ TOTAL 

PER2=100 . ODO*POS2/ ( P0S1+P0S2 ) 

PER1=100. ODO*POS1/ (P0S1+P0S2) 

EE=100.0D0*E 

WR ITE (6,910 ) KK, EE, P I NORG, PI 2 , P13 , PER2, PERI 
FORMAT ( '  * „ f3,F13.4,Fll.l,5F12.1) 

E=E+0 . 01D0 
CONTINUE 
STOP 
END 


. 


A  P  P  E  N  D  I  X  3 


Mass  Spectral  Analysis  of  the  Dibromides  Formed 

in  the  Bromination  with  Bromine- 81 


A  dibromide  whose  bromine  atoms  have  isotopic 


ratios  of  bromine-79  s  bromine-81  of  a  :  b  and  a'  :  b' 
gives  three  peaks  in  the  molecular  ion  region  of  the 
mass  spectrum.  The  intensity  of  these  molecular  ions 
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will  be  in  the  ratio  aa'  :  (ab*  +  a'b)  :  bb '  . 


The 


Br-79  i  Br-81  ratio  for  the  molecule  may  be  easily 
determined  from  the  observed  peak  heights.  Let  the 
first  peak  height  be  p  (=  aa'),  that  of  the  second  be 
q  (E  ab1  +  a'b)  and  that  of  the  third  be  r  ( =  bb').  The 
fraction  of  Br— 79  in  the  two  bromine  atoms  will  be 
given  by  equation  102. 


0 . 5a ( a '  +  b' )  +  0.5a' (a  +  b) 

"  (a”  +  b)  (a'  +  b ' ) 


0 . 5aa '  +  0 . 5  ab '  +  0.5aa*  +  0.5a'b 
aa'  +  a'b  +  ab '  +  bb ' 


aa 8  +  0.5  (ab'  +  a'b) 

aa1  +  (a'b  +  ab' )  +  bb' 


p  +  0.5g 
“  p  +  q  +  r 


(102) 
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The  isotopic  ratio  of  each  of  the  two  bromine 
atoms  may  also  be  determined.  The  intensities  of  the 
second  and  third  peaks  relative  to  the  first  are 
given  by  equations  103  and  104  respectively.  Multiplying 


_  £  _  ab 1  +  a 1  b  _  b_|_  b 

p  aa'  ~  a'  a 


(103) 


m 


r  _  bb; 
P  aa* 


(104) 


equation  10  3  by  b/a  and  substituting  for  (bb'/aa1)  from 
equation  104  and  rearranging  gives  the  quadratic 
equation  105.  Multiplying  by  b'/a'  instead  of  by  b/a 

-  n—  +  m  =  0  (105) 

a 

gives  the  same  expression  as  105  with  b'/a'  instead  of 
b/a.  The  Br-81/Br-79  ratio  of  the  two  bromine  atoms  is 
therefore  given  by  the  two  roots  of  this  quadratic 
equation . 


Thus  for  the  vapour  phase  photobromination  of 
l-bromobutane  with  bromine-81,  1 , 2-dibromobutane  gave 
three  peaks  in  the  molecular  ion  region  in  the  ratio 
1  .  10  :  16  (m/e  214,  216,  218  respectively,  see  Table 
21)  .  The  isotopic  ratio  of  the  two  bromine  atoms  can 
therefore  be  calculated  as  in  expression  106,  and  since 


(106) 


Br-81  _  10  ±  VlO2  -  4  x  lfi 

Br-79  2  - ~  =8,2 

a  +  b  =  a*  +  b'  =1  (by  definition),  a  =  0.33,  b  =  0.67, 
a'  =  0.11  and  b'  =  0.89. 

To  determine  the  amount  of  1 , 2-dibromobutane 
that  was  formed  by  addition  of  bromine  to  1-butene, 
it  was  assumed  that  the  rate  of  formation  of  1, 2-dibromo¬ 
butane  was  constant  relative  to  that  of  1,3-dibromo- 
butane.  Consequently,  the  1 , 2-dibromobutane  that  was 
formed  by  direct  substitution  had  the  same  Br-79/Br-81 
ratio  as  1 , 3-dibromobutane  (viz  0.32:0.68,  Table  21), 
while  the  1 , 2-dibromobutane  formed  from  the  alkene  had 
the  same  average  isotopic  ratio  as  the  bromine  in  the 
3-position  of  1 , 3-dibromobutane  (viz  0.15:0.85,  Table 
21)  .  If  the  fraction  of  1 , 2-dibromobutane  formed  from 
olefin  was  e,  the  final  Br-79  content  of  this  dibromide 
(0.22,  Table  21)  is  given  by  equation  107,  whence  e  = 
0.59. 


0. 32  (1  -  e)  +  0.15  =  0.22 


(107) 


APP  E  N  D  I  X  4 


Photobromination  of  1-Bromobutane  in  the  Gas  Phase 


This  reaction  was  studied  by  Dr*  R.  J.  Arhart 
in  these  laboratories . 


An  aliquot  (0.2  ml)  of  a  1.58  M  bromine 
solution  in  1-bromobutane  was  placed  in  a  5  1  reaction 
bulb,  which  was  then  degassed  and  sealed.  The  reactants 
were  allowed  to  vapourize  in  the  absence  of  light  and 
they  were  irradiated  till  all  the  bromine  colour  was 
discharged.  The  products  were  collected  and  analyzed 
by  glpc  (10  m  x  5  mm  and  6  m  x  5  mm  10%  DEGS  on  Diatoport 
S  glass  columns) .  Five  products  were  detected.  The 
first  three  were  identified  as  1,1“/  1,2-  and  1,3-dibromo 
butane  by  comparison  of  their  retention  times  with  those 
of  authentic  materials.  The  last  two  products  were 
collected  by  preparative  glpc  (2  m  x  5  mm  10%  DEGS  on 
Diatoport  S,  glass  column,  165°)  and  identified  as 
1,2,2-  and  1 , 2 , 3-tribromobutane  by  comparison  of  their 
mass,  ir  and  nmr  spectra  with  those  of  the  authentic 
materials.  The  product  distribution  that  was  obtained 


(1,1:1,2s!, 


3:1, 2, 2:1, 2, 3 


0.14:2.36:1.00:0.21:3.43)  was 
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confirmed  independently  by  this  writer. 


Preparation  of  1/2,2  ,  1,2,3-  and  1 , 3, 3-Tribromobutane 

This  work  was  carried  out  by  Dr.  R.  J.  Arhart 
in  these  laboratories. 

1 , 2 , 3-Tribromobutane  was  prepared  as  described 
in  section  III.l,  and  it  had  the  same  spectral  data  as 
reported  there . 


1 . 2 . 2- Tribromobutane  was  collected  by  prepara¬ 
tive  glpc  (2  m  x  5  mm  10%  DEGS  on  Diatoport  S,  160°) 
from  the  products  of  the  liquid  phase  photobromination 

of  1 ,2-dibromobutane.  Its  mass  spectrum  showed  the 
parent  peaks  at  m/e  292,  294,  296,  298  (ratio  1:3:3:1) 
and  very  intense  P-Br  peaks  at  m/ e  213,  215,  217  (ratio 
1:2:1).  Its  nmr  spectrum  (CCl^,  TMS  external  standard) 
showed  three  sets  of  absorption  peaks,  in  accordance 
with  its  structure:  t  8.80  (t,  J  =  6.5  Hz,  3H)  ,  t  7.51 

(q,  J  =  7  Hz,  2H)  and  t  5.75  (s,  3H)  . 

1 . 3 . 3- Tribromobutane  was  presumed  to  be  the 
major  product  from  the  vapour  phase  bromination  of 

1 , 3-dibromobutane .  It  was  shown  that  this  compound  was 


not  1/2,2  or  1,2,3  tribromobutane  by  coinparing  its 
glpc  retention  time  (2  m  x  5  mm  10%  DEGS)  to  that  of 
these  compounds.  Its  mass  spectrum  showed  the  parent 
peaks  at  m/e  292  ,  294  ,  296,  298  in  a  ratio  of  1: 3s  3:1, 
as  expected  for  a  tribromide. 

Photobromination  of  1,2-  and  1 , 3-Dibromobutanes 


These  reactions  were  studied  by  Dr.  R.  J. 
Arhart  in  these  laboratories. 

An  aliquot  sample  (~  0.05  ml)  of  a  0.8  M 
bromine  solution  in  the  dibromide  was  placed  in  a  5  1 
reaction  bulb.  After  degassing,  the  substrates  were 
allowed  to  vapourize  and  they  were  irradiated  till  all 
the  bromine  colour  was  destroyed.  The  products  were 
collected  and  analyzed  by  glpc  (2  m  x  5  mm  10%  DEGS  on 
Diatoport  S,  140°).  1 , 2-Dibromobutane  gave  two 

products,  1 , 2 , 2-tribromobutane  (94%)  and  1 , 2 , 3-tribromo- 
butane  (6%),  while  1,3-dibromobutane  gave  three  products 
in  a  ratio  of  3.8:18.4:1.0  (in  order  of  their  elution 
times).  The  product  with  the  highest  retention  time, 
that  made  up  4%  of  the  three  products,  was  1,2 , 3-tnbromo 
butane,  identified  by  spiking  with  the  authentic  material 


- 


Brominations  with  Bromine-81  in  the  Liquid  Phase 


These  reactions  (see  Table  4)  were  run  with¬ 
out  any  solvent,  using  5:1  molar  mixtures  of  substrate: 
bromine— 81.  The  reactions  were  run  in  sealed,  degassed 
Pyrex  ampules,  and  were  irradiated  at  30°  till  all  the 
bromine  colour  was  discharged.  After  reaction,  the 
products  were  collected  by  preparative  glpc  (dibromo- 
butanes  and  trans-1 , 2-dibromocyclohexane  on  a  3  m  x  5  mm 
10%  DEGS  on  Chromosorp  W,  metal  column  and  cis-l-trans- 
2 -dibromo- 4 -tert-butyl cyclohexane  on  a  3  m  x  5  mm  15% 

DIDP  on  Chromosorp  W  AW,  glass  column)  and  then  submitted 
to  mass  spectral  analysis  to  determine  the  ratio  of 
the  intensities  of  the  parent  peaks  (see  Table  4)  .  In 
the.  bromination  of  cis-4-tert-butylbromocyclohexane , 
which  was  prepared  as  reported  with  bromine-81,  the 
hydrogen  bromide  that  was  formed  was  distilled  by  trap 
to  trap  distillation  into  a  solution  of  cyclohexene  in 
diethyl  ether.  The  ether  solution  was  shaken  overnight 
at  room  temperature,  and  the  bromocyclohexane  formed  was 
collected  by  preparative  glpc  (6  m  x  5  mm  10%  Carbowax 
on  Chromosorp  P  AW,  glass  column)  and  analyzed  by  mass 
spectroscopy.  The  major  product  from  this  bromination 

reaction ,  cis-l-trans-2-dibromo-4-tert-butylcyclohexane , 

was  identified  by  comparison  of  its  spectral  data  with 


' 
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that  of  the  authentic  material  prepared  by  the  addition 
of  bromine  to  4-terjt-butylcyclohexene  (bp  78°  (1.3  mm)  , 
nD  1-5250;  lit.  bp  68°  (0.3  mm),  n^5  1.5247). 

The  nmr  spectrum  (CCl^,  TMS  internal  standard,  Varian 


HA100 )  showed  the  characteristic  equatorial  hydrogens 

at  t  5.35  (base  width  23  cps) .  Its  ir  spectrum  agreed 

136 

with  that  reported;  additional  very  small  absorptions 
at  80  7  and  70  3  cm  ^  indicated  small  amounts  of  the 
diequatorial  isomer. 


Reinvestigation  of  the  Vapour  Phase  Photobromination  of 
1-Bromobutane 

This  work  was  carried  out  by  Mr.  T.  C.  S.  Ruo  in 
these  laboratories  since  the  completion  of  this  thesis. 

~4 

The  bromination  of  1-bromobutane  (30.29  x  10 

-  5 

mol)  with  molecular  bromine  (61.00  x  10  mol)  at  ambient 
temperature  was  run  in  a  12  1  reaction  bulb.  It  was 
photolyzed  until  all  the  bromine  colour  was  discharged 
and  the  products  were  collected  in  a  liquid  nitrogen 
trap.  Eleven  products  were  obtained:  l-bromo-2-butene 
(1.1%),  1 , 1-dibromobutane  (1.8%),  1, 2-dibromobutane 

(34.4%),  1 , 3-dibromobutane  (13.0%),  1 , 2 , 2-tribromobutane 
(1.3%),  1 , 4-dibromo-2-butene  (1.6%),  1 , 2 , 3-tnbromobutane 
(27.4%),  dl-1,2, 3 , 4-tetrabromobutane  (6.0%)  and  me  so- 
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1,2, 3, 4  tetrabromobutane  (11.2%).  The  compounds  are  listed 
in  their  order  of  elution  from  the  glpc  column  used  (6’  x 
1/4  10-s  Carbowax  20  M  TP  A  glass  column).  1 , 2 , 3 , 4-Tetra- 

bromobutane  was  obtained  as  a  solid  and  quantitated 
by  weighing  the  major  portion  of  the  solid  and  adding 
its  weight  to  the  small  amount  that  was  eluted  from  the 
glpc  column o  It  was  isolated  and  identified  by  compar“ 
ison  of  its  mass ,  nmr  and  ir  spectra  with  those  of  the 
authentic  material.  Two  other  unidentified  compounds 
were  also  detected;  one  was  eluted  from  the  glpc  column 
after  1 , 2-dibromobutane  (<0.9%)  and  the  other  one  was 
eluted  after  1 , 3-dibromobutane  (<1.4%).  The  material 
balance  based  on  bromine  consumed  was  100.1%  when  the 
two  unidentified  compounds  (2.3%)  were  assumed  to  be 
unsaturated  dibromides.  This  value  agreed  with  the 
weight  of  the  recovered  material  collected  (98.4%). 


append  IX  5 


Determination  of  the  Protium  Content  of  Perdeuterio- 
chlorobutane  by  Mass  Spectrometry 

The  mass  spectrum  of  perdeuterio-l-chlorobutane 
shows  a  number  of  peaks  in  the  parent  peak  region.  The 
peak  at  m/e  101  may  be  assigned  to  the  following 

ions  (equation  108).  If  A  is  the  percentage  of  C^D^Cl33 

P101  =  <C4D9Cl35)+  + 

(C4DgCl37)+  +  (C4C13DgHCl35)+  +  (C4D7H2C135)+  (108) 

35 

m  the  sample,  B  the  percentage  of  C^DgHCl  ,  C  the 

35 

percentage  of  C^D^I^Cl  >  m  natural  isotopic  ratio  of 
C137/C135,  x  the  C^3  contribution  and  y  the  fraction  of 
species  that  lose  a  deuterium  atom,*  equation  10  8  may  be 
rewritten  as  equation  109.  A  similar  analysis  of  the 

B  C 

P101  =  A  +  AmY  +  Bx  +  Cm  =  A(1  +  my  +  +  ^m)  (109) 

peak  at  m/e  100  (P10Q)  gives  equation  110. 


Since  y  was  small  (0.148,  determined  from  the  mass 
spectrum  of  1-chlorobutane  under  the  same  conditions)  , 
loss  of  a  hydrogen  atom  instead  of  a  deuterium  atom  was 
neglected . 


2  37. 
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P100  =  B  +  Bmy  +  CX  =  B(1  +  rny  +  gn)  (HO) 

The  ratio  of  these  two  peaks  will  therefore 
be  given  by  equation  111,  which  may  be  rearranged  to 
give  the  ratio  B/A  (equation  112)  ,  the  ratio  of  the 

P101  =  AA  +  mY  +  + 

pioo  B\  1  +  +  lx 

l  =  piooA  +  my  +  lx  + 

A  pioi\  1  +  +  lx 

otr  *3  c 

C.D0HC1  /C.DqCI  species.  Equation  112  was  solved 
4  8  4  y 

for  B/A  in  two  ways. 

In  the  first  method,  the  values  of  m  and  x 
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were  obtained  from  the  literature;  the  value  for  y  was 
determined  from  the  mass  spectrum  of  the  natural 
protiated  material  run  under  the  same  conditions  as 
perdeuterio-l-chlorobutane ,  assuming  that  there  was  no 
isotope  effect  on  the  loss  of  a  hydrogen  or  a  deuterium 
atom  in  the  mass  spectrometer.  The  ratio  C/A  was 
approximated  by  the  ratio  of  the  peaks  at  m/e  99  and 
101  while  C/B  was  approximated  by  the  ratio  of  the  peaks 
at  m/e  99  and  100  in  the  spectrum  of  perdeuteno-1- 
chlorobutane .  Equation  112  may  then  be  rewritten  as 
equation  113,  which  may  be  solved  for  the  ratio  B/A. 


(112) 


(111) 


2  39  c 


B 

A 


+  ray  +  |x  +  -m 
 101 


1  +  my  + 


99 


-x 


100 


(113) 


In  the  second  method,  since  x,  y  and  c  were 
small ,  the  terms  my,  —  x  and  ^m  would  be  even  smaller, 
and  hence  may  be  neglected.  Equation  112  then  reduces 
to  equation  114,  which  may  be  solved  for  B/A.  The  ratio 


B 

A 


-ioo.fi  + 
P101  ' 


(114) 


B/A  calculated  from  equations  113  and  114  was  the  same 
within  the  limits  of  the  accuracy  of  the  mass  spectral 
data. 


